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ABSTRACT

Author: Ismail, Yahya MS
Institution: Purdue University
Degree Received: December 2017
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Vitamin C is an essential nutrient and a chemically labile compound found in natural foods
and added as an ingredient to food products. A challenge for delivering vitamin C in foods is the
tendency for the vitamin to degrade, which leads not only to a loss of nutritional quality but also
to browning. Recent work has shown that vitamin C is likely in the amorphous solid state in many
dry and intermediate moisture foods. Amorphous forms of an ingredient are inherently unstable
and tend to crystallize over time. The study of vitamin C degradation in model amorphous
polymeric matrices is limited and a comparison of simple polymer systems has not been used to
systematically investigate the factors that affect vitamin C degradation. In this study, two forms of
vitamin C (ascorbic acid and sodium ascorbate) were formulated with four polymers,
polyvinylpyrrolidone, pectin, pectin (potassium esterified), polyacrylic acid, and sodium
polyacrylate at different vitamin weight proportions. These polymers were selected for their
different hydrogen bonding capabilities and to investigate the relationship between polymer
vitamin C crystallization inhibition properties and vitamin degradation. Samples were solubilized
in water, lyophilized in a freeze drier, and stored at different temperatures (20°C, 25°C, 30°C,
40°C, 50°C) and different relative humidities (RHs) (11%, 52%, 75%) for up to one month. High
performance liquid chromatography with a photodiode array detector (HPLC-PDA) was used to
quantify vitamin content remaining. Additional properties were analyzed using a pH meter,
powder X-ray diffraction (PXRD) to characterize physical state, dynamic moisture analyzer to

xv
collect moisture sorption isotherms, and differential scanning calorimetry (DSC) to characterize
glass transition temperatures (Tg). Generally, vitamin-polymer solid dispersions formulated with
ascorbic acid experienced less degradation than did systems formulated with sodium ascorbate;
however, the difference in vitamin loss was dependent on the polymeric matrix with some
polymers exhibiting similar vitamin loss for either vitamin form. Vitamin degradation significantly
increased with increases in moisture (storage at higher RH) but hygroscopicity of the polymer
matrices did not explain the differences in degradation observed between different vitaminpolymer solid dispersions. The Tgs of the vitamin-polymer solid dispersions also did not correlate
with degradation. The degradation of vitamin C in amorphous model systems depended most on
the polymeric matrix in which the vitamin was dispersed. The greatest vitamin degradation
occurred in polyvinylpyrrolidone matrices (70% ascorbic acid and 54% sodium ascorbate
remaining after one month) while little to no vitamin degradation (>98% vitamin remaining)
occurred in polyacrylic acid matrices in the same timeframe and conditions (11%RH and 30°C).
The degree of vitamin-polymer interactions and the vitamin weight proportion determined the
miscibility and, thus, crystallization tendency. The degree of vitamin-polymer interactions and the
specific sites of hydrogen bonding explained the largest differences in vitamin degradation found
among different vitamin-polymer solid dispersions. This study proposes that inter-matrix
hydrogen bonding is a critical factor for chemical reactivity of small molecules in amorphous
systems.

1

CHAPTER 1.

LITERATURE REVIEW

1.1. Overview
There have been numerous studies investigating the kinetics of chemical reactions in low
moisture amorphous systems. Many low moisture amorphous systems have been studied and
characterized by the pharmaceutical sciences in the form of amorphous solid dispersions. These
are made by lyophilization of a solution containing an excipient (e.g. polymer) and API (active
pharmaceutical ingredient). The APIs in these solid dispersions are generally hydrophobic and
chemically stable, so studies on these systems have focused primarily on physical stability and
enhanced solubility but not chemical degradation. On the other hand, many food ingredients,
including the water-soluble vitamins, are hydrophilic and chemically labile. While many of these
food ingredient small molecules have high crystallization tendencies, they may solidify in the
amorphous solid state when co-formulated with polymers (of which there are many types in most
foods). Amorphous ingredients tend to be more labile than their crystalline counterparts, and thus
understanding the chemical reactivity of food ingredients in amorphous systems is important. Past
propositions from the polymer science approach have theorized the glass transition point to be the
critical rate limiting parameter that describes the molecular mobility of a system and thus the
ingredient chemical reactivity. However, numerous studies have disputed this theory and have
pointed to other factors that seem to influence the increased chemical reactivity. Food systems are
ideal for studying chemical degradation for specific ingredients in those specific foods, but by
studying these complex systems it is nearly impossible to distinguish the contributing factors and
the extent of their influence in stabilizing or promoting the chemical reactivity. A thorough
investigation of the degradation of a well-characterized food ingredient (i.e. vitamin C) in model
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amorphous systems would provide clarity on the major factors that determine the chemical
reactivity of hydrophilic small molecule food ingredients in the amorphous state. Vitamin C is an
appealing ingredient to select since the degradation has been thoroughly studied for the vitamin as
a pure compound (crystalline and solution state), in food systems, and in some model amorphous
systems. Certain factors including water activity, oxygen content, and storage RH and temperature
have been correlated to the vitamin degradation kinetics in the model systems; however, there is
still a lack of explanation for the large degradation differences observed in different food systems
at similar storage conditions. Also, studies that have used amorphous systems have not always
confirmed the physical state of the vitamin or of other ingredients, nor have any studies considered
the miscibility of the solid dispersion and the hydrogen bonding potential with the matrices. The
plethora of information on vitamin C degradation in different systems yet the questions that remain
about the reaction kinetics in amorphous systems renders this food ingredient an ideal candidate
to investigate to gain a better understanding of the factors that determine the chemical reactivity
of small molecule food ingredients that have been stabilized in the amorphous state. This
information could help food manufactures establish formulation parameters to maintain quality
standards over time and reduce chemical deterioration of sensitive food ingredients, especially
vitamin C.
1.2. Physical State
Solids can exist in two primary physical forms: crystalline or amorphous. Amorphous
solids lack the highly ordered physical structure of crystals. Thermodynamics favor the lower
energy state of crystals leading to crystallization of amorphous solids. However, this phase
transition is dependent upon kinetics and many solids can persist in the amorphous solid state for
long time periods (Yrjö H. Roos & Drusch, 2016a). Due to the inherent disordered molecular state
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in which amorphous solids exist, there are many differences in physical, thermal, and mechanical
properties compared to crystalline solids (Bruno C. Hancock & Zografi, 1997). Amorphous solids
also interact differently with water and exhibit vastly different moisture sorption properties. In
general, amorphous solids are more hygroscopic, can take in more bulk water at lower relative
humidities (RHs), and exhibit higher solubility and faster dissolution. Amorphous solids can exist
in two secondary physical states: ‘glassy’ or ’rubbery’ (also called ‘super-cooled liquid’)
determined by the glass transition temperature (Tg). Exceeding the Tg will transform a glass to a
rubbery material and display a large decrease in rigidity and viscosity. Consequently, rubbery
solids contain greater molecular mobility which can enhance the kinetics of physical
transformations and chemical reactions (Bruno C. Hancock & Zografi, 1997).
Common food ingredients such as sucrose, alditols, vitamins, etc. are primarily distributed
as crystalline ingredients; however, after undergoing certain processes in the presence of other
components these commonly crystalline ingredients can be amorphized and be stabilized by other
ingredients (Palzer, 2010). In particular, large molecular weight molecules such as carbohydrate
and protein polymers can slow the crystallization rates of amorphized ingredients to a negligible
rate. Specifically, dehydration, mechanical shearing, and/or heating with rapid cooling processes
can all lead to a crystalline to amorphous phase transformation (Damodaran, Parkin, & Fennema,
2008; Yrjö H. Roos & Drusch, 2016a). All the different properties exhibited by amorphous solids
as well as the ability to persist as a metastable amorphous physical state justifies the importance
of studying crystalline compounds that may be stabilized in the amorphous state during food
processing.
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1.3. Low/Intermediate Moisture Amorphous Systems
There are many examples of dehydrated amorphous systems as pharmaceutical products
(e.g. zafirlukast, cefuroxime axetil, and quinapril hydrochloride) and food products (e.g. puffed
cereals and dry blends/powders) (Roudaut, 2008). Most detailed studies on characterization of low
moisture systems have been done with amorphous solid dispersions formulated by making a
solution of a hydrophilic polymer excipient and an active pharmaceutical ingredient (API). The
formulation is solidified in the amorphous solid usually by lyophilization (also known as freeze
drying) (Yu, 2001). The APIs are hydrophobic and mixing with hydrophilic polymers can lead to
polarity differences which has led to researchers heavily researching the physical stability (or the
time before structural changes occur) and the mechanisms of physical stability such as miscibility
and intermolecular interactions between the components (Qian, Huang, & Hussain, 2010). The
miscibility is the degree of dispersibility between two phases of components at the molecular level.
Poor miscibility can cause a system to phase separate and display two distinct Tgs, or alternatively,
to rapidly crystallize (Laitinen et al., 2014). The miscibility of a solid dispersion can be affected
by the preparation method and polymer concentration (Brettmann, Bell, Myerson, & Trout, 2012;
Rumondor, Ivanisevic, Bates, Alonzo, & Taylor, 2009); however, miscibility is likely most
affected by the enthalpy of mixing which is ultimately determined by the favorability of the
ingredient-polymer intermolecular interactions, especially in relation to the interactions within the
individual components (Shamblin, Taylor, & Zografi, 1998). Therefore, understanding the degree
of interactions between the components of an amorphous solid dispersion is critical for
understanding the ability of different polymers to inhibit crystallization of an ingredient. Several
studies have found that the degree of non-covalent intermolecular interactions between the API
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and excipient is the major influential factor for physical stability (Christina, Taylor, & Mauer,
2015; Wegiel, Mauer, Edgar, & Taylor, 2013; Wegiel, Zhao, Mauer, Edgar, & Taylor, 2014).
Due to the inherent molecular intimacy shared between the components of a single miscible
phase, it is expected that intermolecular interactions occur between the two components and have
critical implications on the physical stability and structure of the APIs. In food systems, the small
molecules of interest (such as sugars and vitamins) are more likely to be hydrophilic and capable
of more hydrogen bonding with the polymers compared to the hydrophobic drugs. One would
expect amorphous solid dispersions with hydrophilic small molecules to naturally exhibit greater
miscibility with polymers capable of hydrogen bonding. The implications to physical stability are
clear and have been indicated by past research (Christina et al., 2015; Taylor & Zografi, 1998);
however, considering the chemical lability of many of these compounds the implications to
chemical reactivity in this situation are worth exploring.
1.4. Lyophilization
One of the most common methods used to form amorphous solid dispersions is via
lyophilization, also known in unit operation terms as freeze drying. This process works by
sublimating frozen water under a vacuum at temperatures below freezing, thereby preserving the
integrity of the structure throughout the dehydration process (Lombrana, 2008). The rapid removal
of the water in combination with the limited molecular mobility at below freezing temperatures
hinders the ability of commonly crystalline solids to reorient and crystallize during proper
lyophilization. Freeze drying has become a popular dehydration technique in the food industry as
well, and freeze dried foods are recognized as the highest quality dehydrated foods. Excessive heat
is not necessary, so chemical deterioration of sensitive compounds and loss of volatile aroma
compounds are minimized. Structure and color are also preserved quite well during freeze drying.
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Freeze dried products also exhibit rapid rehydration properties beneficial for ‘instant’ powderized
products (Lombrana, 2008). It is also common for researchers to use freeze drying to create model
systems for studying physical and chemical properties of ingredients in low moisture foods (Kirk,
Dennison, Kokoczka, & Heldman, 1977; Zhou & Roos, 2012) .
1.5. Reaction Kinetics in Low/Intermediate Moisture Amorphous Systems
The physical state of food and pharmaceutical ingredients and any changes that may occur to
the physical structure during processing or storage have been recognized to affect chemical
reactivity (Meste, Champion, Roudaut, Blond, & Simatos, 2002; Yrjö H. Roos & Drusch, 2016b).
Generally, in the amorphous state chemical reactions proceed more rapidly as moisture sorption
increases, mobility and plasticization are enhanced, and more intimate interactions are available
between molecules. Common chemical reactions in the solid state include cyclization, hydrolysis,
oxidation, and deamidation (Byrn, Xu, & Newman, 2001).
Several theories have been proposed to characterize the parameters that dictate the chemical
reactivity of substances in the amorphous solid state. The glass transition theory proposed that
molecular mobility is the rate-limiting factor and that storage below Tg is the mobility hindrance
parameter for chemical reactions (Duckworth, 1981; Yrjö H. Roos & Drusch, 2016b). Indeed, it
was observed in various studies that diffusion limited reactions exhibited diminished reaction rates,
particularly at low water activities (Karel & Saguy, 1991; Meste et al., 2002). However, the notion
that Tg be utilized as a molecular motion hindrance parameter and the point at which reaction rates
become diminished has been disputed in past studies, particularly in model PVP amorphous
systems for various chemical reactions including aspartame degradation, sucrose hydrolysis, and
nonenzymatic browning where Tg and distance from storage temperature did not correlate well
with reaction kinetics (Bell & Hageman, 1994; Del Pilar Buera, Chirife, & Karel, 1995; Lievonen
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& Roos, 2002). Others have indicated that diffusivity of reactants is more complex and cannot be
simply defined by Tg (Yrjö H. Roos & Drusch, 2016b). Yu (2001) proposed that T0, or the
temperature when τ reaches infinity indicating no molecular mobility, be the parameter used to
decide storage conditions since different materials can drastically vary in how far below the T g
their T0 is. The distance between T0 and Tg is governed by the fragility of the material.
It has also been proposed that chemical reactivity and deterioration in the solid state occur
primarily via a solid-solution phase, where systems absorb moisture from the atmosphere, the
ingredient or drug dissolves (to saturation) in microscopic water pools or domains, and reactions
occur in these moisture mediated solid-solution phases (Loftsson, 2014). In this case, solubility of
the ingredient is of great importance to the stability as is the hygroscopicity of the matrix.
Additionally, some researchers have explained deterioration reactions as being dependent upon
solid state pH (Del Pilar Buera et al., 1995). However, it appears that most researchers explain the
chemical reactivity of amorphous compounds as either a function of some effect of water or as a
function of reactant diffusivity. The relative effect of these factors is unclear and it is difficult to
ascertain how dependent the conclusions are on the specific chemical reaction.
1.6. Vitamin C
Vitamin C is a vital nutrient that is essential for proper nutrition and tissue development
(Merck & Co, 1956). It is highly polar and highly soluble in water. The structure of vitamin C
(Figure 1) is most characterized by its a-keto-ene-diol system which accounts for the polarity and
weak acid behavior as well as its ultraviolet absorption property and antioxidant potential (Merck
& Co, 1956). Although naturally present in many foods, crystalline vitamin C is commonly added
to fortified food either in its acid form (ascorbic acid) or as a salt, usually sodium ascorbate
(Damodaran et al., 2008). Many metal cations can form salts with ascorbate, the most common
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resulting in sodium ascorbate (Merck & Co, 1956). Resonance stabilization proceeds C3 (pka =
4.04) deprotonation forming ascorbate (Figure 1) (Yasuo Abe, 1986). The structure of ascorbic
acid contains many functional groups capable of hydrogen bonding, and ascorbic acid molecules
heavily favor interactions amongst each other leading to its high crystallization tendency.
1.7. Vitamin C degradation
Vitamin C is recognized as one of the most sensitive vitamins in food. It has an inherent
tendency to degrade particularly in storage or food processing conditions that expose the vitamin
to high temperatures, neutral-alkaline pH, oxygen, light, and moisture (Damodaran et al., 2008).
In fact, due to its largely sensitive nature, particularly to heat, vitamin C content loss is commonly
used as the indicator of temperature treatment effects on nutritional quality in the food industry
(Verbeyst, Bogaerts, Van der Plancken, Hendrickx, & Van Loey, 2013). Vitamin C degradation is
generally undesirable and can lead to issues with nutritional quality, browning, labeling
infractions, and off-flavor development (Blank & Fay, 1996; Hiatt, Taylor, & Mauer, 2010;
Krammer, Takeoka, & Buttery, 1994; Sanz, Pérez, & Richardson, 1994; Singh & Anderson, 2004).
The degradation of vitamin C in pure crystalline and solution state forms has been heavily
researched. Vitamin C degradation has also been studied in food systems (such as fruits and juices)
and model systems. Degradation in food systems has interestingly differed dependent upon the
food matrix. Giannakourou and Taoukis (2003) compared degradation kinetics of vitamin C in
four frozen green vegetables and found okra kept vitamin C mostly stable, while peas and green
beans had intermediate vitamin degradation rates, and spinach had the most rapid vitamin
degradation of them all. Other reports have coincided with these findings (Albrecht, Schafer, &
Zottola, 1990; Favell, 1998). Various vitamin C reaction kinetics are reported for other foods as
well, including vegetables, fruits, juices, bread, etc. (A. Steskova, 2006; Albrecht et al., 1990;
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Sapei & Hwa, 2014; Stevens, 2006; Verbeyst et al., 2013). A summary of vitamin C degradation
findings in different beverages is summarized in Table 1 (A. Steskova, 2006). These findings
indicate the significance of matrix interactions in both solid and solution states on the stability of
vitamin C. For example, the presence of many metals will catalyze vitamin C degradation to some
degree in different foods. Additionally, some ingredients (e.g. sugars and sugar alcohols) help
stabilize vitamin C from degradation, though the mechanism by which this occurs is unclear
(Damodaran et al., 2008). It is nearly impossible to distinguish all the contributing factors and the
extent of their influence in stabilizing vitamin C or promoting the chemical reactivity in complex
food matrices.
Ascorbic acid has two established degradation pathways in the rate-limiting primary
reactions: an aerobic or oxidative pathway and an anaerobic pathway. Anaerobic degradation of
ascorbic acid proceeds by direct hydrolysis of the lactone ring structure without first oxidizing the
vitamin, although the exact mechanism is not fully understood. The anaerobic pathway, however,
is usually neglected because this pathway proceeds at a slower rate. The rate constants of anaerobic
ascorbic acid degradation reactions are found to be 2-3 orders of magnitude less than the rate
constants for aerobic degradation (Damodaran et al., 2008; Serpen & Gokmen, 2007; Smuda &
Glomb, 2013). Aerobic degradation of ascorbic acid initiates with deprotonation followed by
oxidation to form a resonance stabilized ascorbyl radical (Figures 2-3). Loss of a second electron
by either C2 tautomerization or subsequently after C2 deprotonation leads to the formation of
dehydroascorbic acid (Figures 4-5) (Yasuo Abe, 1986). The degradation of and even the structure
of dehydroascorbic acid, particularly in the solid state, are controversial and have been disputed.
This is further discussed later. Nevertheless, the proposed ensuing degradation reaction is
hydrolysis by nucleophilic attack by water at the C1 position. This opens the lactone ring structure
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and forms 2,3-diketogulonic acid which officially terminates ‘vitamin’ activity as this reaction is
the first irreversible reaction in the degradation. Subsequent vitamin C degradation is not fully
understood. Major degradation products include oxalic acid, L-threonic acid, L-xylosone, and
furfural. Color and aroma compounds are produced in subsequent Strecker degradation with amino
acids or polymerization reactions (Damodaran et al., 2008).
Ascorbic acid degradation is recognized to be dramatically affected by certain factors. The
presence of metal catalysts have been observed to increase ascorbic acid oxidation rates by several
orders of magnitude (Buettner, 1988). Degradation is also affected nonlinearly as a function of pH.
The main consideration with pH is the different oxidative susceptibilities of the ascorbic ionic
species dependent upon the pKas (4.04 and 11.4) (Damodaran et al., 2008). Vitamin C degradation
kinetics in low moisture model systems has been proposed by Dennison and Kirk (1978) and Kirk
et al. (1977) to be dependent upon the oxygen content within the matrix. Lee and Labuza (1975)
have observed a strong correlation of vitamin C degradation as a function of water activity.
Questions remain about to what relative degree these factors influence chemical degradation and
what the best comprehensive approach is towards maintaining the chemical stability of vitamin C
in amorphous systems.
1.8. Polymeric Matrices
Three primary polymer structures used in this study were pectin, polyvinylpyrrolidone (PVP),
and polyacrylic acid (PAA). Pectin is a food polymer and is commonly used in food products as a
gelling agent. Pectin is a polymer of (1-4) linked D-galacturonic acid units. The carboxyl group of
the pectin is important because it can either be a free acid, methyl ester, or a salt. Higher degree of
esterification reduces the free acid carboxyl groups, and cation (i.e. K+, Na+) esterified pectins
also have a reduced number of free acid groups (Damodaran et al., 2008). PVP and PAA are
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synthetic polymers used in pharmaceutical applications and have simplified small monomeric
units. These polymers both have narrow molecular weight ranges which makes analyzing Tg easier.
They also have uniquely strict hydrogen bonding capabilities. PVP only can act as a hydrogen
bond acceptor. Polyacrylic acid on the other hand is abundant with carboxyl groups which are
strong hydrogen bond donors (Christina et al., 2015; Wegiel et al., 2013). This combination of
polymers allowed for a diverse analysis of vitamin-polymer interactions.
1.9. Thesis Objectives
This study was conducted to investigate the chemical stability of vitamin C in polymeric model
systems and to determine the major factors that affect the vitamin degradation in the amorphous
solid state. Physical structures and properties of the polymers, vitamins, and vitamin-polymer solid
dispersions including hygroscopicity, Tg, vitamin crystallization tendency, vitamin form (acid vs
salt), prelyophilization pH, and vitamin weight proportion were considered. The effects of storage
%RH and temperature were also studied. It was hypothesized that the vitamin-polymer hydrogen
bonding would play a role in influencing the chemical stability of the vitamin. This was studied in
more detail by comparing the stability of the reduced and oxidized vitamin C forms in different
polymer matrices and relating the stabilization results to the polymer hydrogen bonding
capabilities. The comprehensive analysis of vitamin C degradation in model amorphous systems
in this study is intended to help guide efforts to improve vitamin C storage stability and shelf life
in low moisture amorphous food products.
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Tables and Figures

Table 1.1 Vitamin C degradation over time in different beverages
Beverages

Storage

Time (h)

Retention (%)

conditions

Degradation
rate

References

constant

4

10 k0 (h-1)
Strawberry

4–6 °C

2160

67.7

18

drink

(Murtazat et al.,
2004)

Yellow passion

37 °C

336

0

270

fruit juice

(Talcott,
Percival, PittetMoore,

&

Celoria, 2003)
Blood

orange

4.5 °C

1176

25.1

12

juice
Powder

(Choi, Kim, &
Lee, 2002)

fruit

21 °C

24

84

73

drinks

(Mehansho,
Mellican,
Hughes,
Compton,

&

Walter, 2003)
Cola beverages

Dry fruit drink

15 °C AA

83.1

3.1

(Wang, Seib, &

15 °C AMP

97.7

0.39

Ra, 1995)

15 °C APP

97.7

0.39

25 °C AA

70

6.0

25 °C AMP

90

1.8

25 °C APP

95.4

0.78

35 °C AA

63.8

7.5

35 °C AMP

68.4

6.3

35 °C APP

93.8

1.1

94

0.071

23 °C

600

8760

mix

1976)

Apple juice

68

0.44

Cranberry

81

0.24

81

0.24

78

0.28

juice
Grapefruit
juice
Pineapple juice

(De

Ritter,

13
Tomato juice

80

0.25

Vegetable juice

68

0.44

Grape drink

76

0.31

Orange drink

80

0.25

Carbonated

60

0.58

beverage

*AA - L-ascorbic acid, AMP - L-ascorbate 2-monophosphate, APP - L-ascorbate 2polyphosphate.
**Obtained from (A. Steskova, 2006)

Ascorbic acid (AA)

Sodium ascorbate (NaAsc)

Figure 1.1 Structures of vitamin C (acid and sodium salt forms)

Figure 1.2 Ascorbic acid C3 deprotonation forming ascorbate ion
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Figure 1.3 Primary oxidation of ascorbate forming resonance stabilized ascorbyl radical
*Adapted from (Yasuo Abe, 1986)

Figure 1.4 Secondary oxidation via C2 tautomerization
*Adapted from (Yasuo Abe, 1986)

Figure 1.5 Secondary oxidation via C2 deprotonation and electron removal
*Adapted from (Yasuo Abe, 1986)

Figure 1.6 Irreversible hydrolysis of dehydroascorbic acid leading to loss of vitamin activity
*Adapted from (Damodaran et al., 2008)
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CHAPTER 2.
AMORPHOUS ASCORBIC ACID CHEMICAL
STABILITY IN LOW MOISTURE PVP SOLID DISPERSIONS:
EFFECT OF ACID/SALT RATIO, pH, AND Tg

2.1. Abstract
Vitamin C is an essential nutrient and a chemically labile compound. In this study two forms
of vitamin C, ascorbic acid (AA) and sodium ascorbate (NaAsc) were formulated with a polymer,
polyvinylpyrrolidone (PVP), at 10% vitamin weight proportion and lyophilized. Samples were
solubilized in water, lyophilized in a freeze drier, and then stored at four temperatures (20, 30, 40,
50°C) at a constant 11%RH in desiccators. All samples were confirmed PXRD amorphous after
lyophilization. High performance liquid chromatography with a photodiode array detector (HPLCPDA) was used to quantify vitamin content remaining periodically over one month. The glass
transition temperatures (Tg) and pHs of all samples were documented. Sodium ascorbate degraded
more rapidly than ascorbic acid in the PVP solid dispersions. Buffered systems containing
increasing weight fractions of sodium ascorbate exhibited decreasing chemical stability. The pH
of the samples depicted the acid/salt ratio and thus correlated with vitamin degradation. A
supplementary effect of pH was also observed since degradation exceeded expected vitamin loss
based simply off of vitamin degree of ionization. Increasing temperature significantly increased
vitamin degradation, and the temperature did not need to exceed the sample Tg for degradation to
occur. The Tgs of vitamin:PVP solid dispersions were not correlated with the differences in
chemical stability among ascorbic acid/sodium ascorbate buffered systems and systems containing
various ascorbic acid weight proportions. Tg was deemed impractical for use as a diffusion limiting
parameter for vitamin C degradation. Ascorbic acid is the more chemically stable ingredient and
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is a preferential selection over a salt form of vitamin C for distribution in low moisture amorphous
food products.
2.2. Introduction
Vitamin C is a vital nutrient that is essential for proper nutrition and tissue development
(Merck & Co, 1956).

Although naturally present in many foods, crystalline vitamin C is

commonly added to fortified food either in its acid form or as a salt. The prevailing issue with
vitamin C in foods is its inherent tendency to degrade, particularly during storage or food
processing conditions that expose the vitamin to high temperatures, high pH, oxygen, light, and
moisture (Damodaran et al., 2008). In fact, due to its largely sensitive nature, particularly to
temperature increases, VitC content loss is commonly used as the indicator of how temperature
treatments impact nutritional quality in the food industry (Verbeyst et al., 2013). Vitamin C
degradation is generally undesirable and can lead to issues with nutritional quality, browning,
labeling infractions, and off-flavor development (Hiatt et al., 2010).
Studies on pure vitamin C degradation have primarily focused on two physical forms:
crystalline and solution (Golubitskii, Budko, Basova, Kostarnoi, & Ivanov, 2007; Hiatt et al., 2010;
Oey, Verlinde, Hendrickx, & Van Loey, 2006; Yuan & Chen, 1998). Other studies have
documented degradation of vitamin C in food/beverages such as vegetables and fruit juices (A.
Steskova, 2006; Emese & Peter, 2008; Sapei & Hwa, 2014). Despite a high tendency to crystallize,
it has recently been demonstrated that ascorbic acid (the common form of vitamin C) can solidify
in the amorphous physical form when lyophilized in systems containing polymers. In fact,
crystallization only began to be observed in lyophilized polymer systems at vitamin weight
proportions higher than 50%, which is a vitamin concentration much higher than what would be
expected in a food matrix (Christina, 2014). These results indicated the likelihood of vitamin C to
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be present in the amorphous state in many food products that contain polymers and are processed
with unit operations that rapidly cool or dehydrate. Common food products that undergo such
processes include spray dried powders for beverages and freeze dried fruits and vegetables,
although any food product containing or fortified with vitamin C that is rapidly cooled following
heat treatments or rapidly dried could potentially contain vitamin C in the metastable amorphous
state. There has been some work done investigating vitamin C chemical stability in low moisture
model amorphous systems, although rarely is the physical state of the vitamin confirmed
(Dennison & Kirk, 1978; Kirk et al., 1977; Lee & Labuza, 1975; Nelson, 1993). Degradation is
normally fitted to first order kinetics, but kinetics largely vary in different food and model systems
(A. Steskova, 2006; Burdurlu, Koca, & Karadeniz, 2006; Damodaran et al., 2008; Lee & Labuza,
1975; Nelson, 1993).
The observed physical stability of amorphous vitamin C in low moisture model systems
justified the need for studying the chemical stability of the vitamin in these systems to supplement
the studies on crystalline and aqueous vitamin C. In general, small molecules are more inclined to
chemical reactions and thus chemical instability when in the amorphous state than in the crystalline
state (Bruno C. Hancock & Zografi, 1997). This is related to the concept of viscosity and the
increased molecular mobility associated with amorphous solids as compared to crystalline solids.
A principal parameter used to characterize this concept is the glass transition temperature (Tg)
which defines the amorphous state (glassy or rubbery) and the viscosity of a system (Yrjö H. Roos
& Drusch, 2016a, 2016b). Undesirable physical and chemical changes including crystallization,
collapse, caking, and reaction rates have all been linked with Tg in past studies (Ghorab, Toth,
Simpson, Mauer, & Taylor, 2014; Mauer & Taylor, 2010; Yrjö H. Roos, 2008; Roudaut, 2008).
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Previous preliminary experiments have already been conducted in our lab investigating
vitamin degradation in ascorbic acid model systems with polyvinylpyrrolidone (PVP), the polymer
that was found to provide the most stable amorphous systems (see attached Publication). These
were the first experiments to investigate degradation of vitamin C in a model system confirmed to
be in the amorphous state by PXRD analysis. The experiments included AA:PVP solid dispersions
at different varying vitamin concentrations stored at 11%RH and concluded that amorphous
vitamin C was far less stable than the crystalline vitamin as temperature increased. Degradation of
amorphous ascorbic acid proceeded rapidly (e.g. 8% AA remaining after one month at 60°C and
11%RH, see attached Publication) while recrystallized solid dispersions and physical mixtures of
ascorbic acid and PVP exhibited long term chemical stability (Christina, 2014; Sanchez, 2016).
2.3. Objectives
The objectives of this study were to further characterize vitamin C degradation in PVP model
systems by including a comparison of an additional vitamin form (sodium ascorbate) and to
explore the trends of degradation in various buffered vitamin systems. Additionally, this study
aimed to determine the Tgs of pure ascorbic acid and sodium ascorbate and to relate the Tgs of
AA/NaAsc:PVP solid dispersions with chemical stability to determine if the parameter could be
used to explain the observed degradation trends. The effects of temperature and prelyophilization
pH on chemical stability were also considered.
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2.4. Materials and methods
2.4.1 Materials
L-ascorbic acid (AA) was obtained from Sigma - Aldrich Inc (St. Louis, MO). L-ascorbic
acid sodium salt (NaAsc) was obtained from Acros Organics (NJ). Polyvinylpyrrolidone (PVP,
MW ~40,000) was obtained from Fisher Scientific (Waltham, MA). Salts and saturated salt
solutions were used to control desiccator environments at specific relative humidities (RHs).
Anhydrous calcium sulfate mixed with cobalt(II) chloride as a color indicator and branded as
DrieriteTM (1-2% RH) was obtained from W.A. Hammond Drierite Company, LTD (Xenia, OH).
Anhydrous lithium chloride (11% RH) was obtained from EMD Millipore (Billerica, MA). For
making mobile phase for HPLC, methanol was obtained from Fisher Scientific and trifluoroacetic
acid (TFA) was obtained from Sigma- Aldrich Inc. Water was purified with a Barnstead™ EPure™ ultrapure water purification system (ThermoScientific, Waltham, MA) containing a final
filtration size of 0.2 µm and yielding Type I water with resistivity of 18.2 (MΩ·cm).
2.4.2 Sample preparation
Vitamin-polymer solid dispersions (VPSDs) were formulated from 10% weight solids in
solution prior to lyophilization by measuring 0.5 g total solids into 5 mL of water. One set of
AA:PVP samples was formulated from 1% weight solids in solution by measuring 0.05 g total
solids into 5 mL of water. The vitamin proportion of 10% vitamin in 90% PVP was used in the
vitamin quantification experiments, whereas samples for DSC analysis and Gordon-Taylor
modeling were formulated to 10%, 20%, 30%, and 40% vitamin weight proportion. Four buffered
PVP dispersions of varying acid to salt ratios were formulated. The acid/salt molar concentrations
of the buffered dispersions (1, 2, 3, and 4) were calculated to create particular solution pHs using
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the Henderson-Hasselbach equation. The pHs of the solutions used to create the solid dispersions
along with the percent VitC contributed from the protonated and unprotonated forms (acid/salt)
for each buffered system are provided in Table 1.
VPSDs of 10% vitamin were formulated by directly weighing 0.45 g polymer into 20 mL glass
scintillation vials and solubilizing by adding 4.9 mL of water capping and vortexing. Then a
separate vitamin stock solution of variable concentrations, depending on the desired weight solids,
was prepared and 0.1 mL was pipetted to each vial and vortexed again. The four buffered
vitamin:PVP systems were created by simply directly weighing both polymer and vitamin into
vials. After complete solubilization (made evident by lack of precipitate and transparent solution),
samples were uncapped and placed along with their respective upturned caps onto an aluminum
shelf and placed into a VirTis Genesis 25ES (SPScientfic, Stone Ridge, N) shelf freeze drier.
To achieve proper lyophilization samples first underwent a freezing step (-40°C and 330 mTorr
for 240 minutes) followed by 9 stepwise increasing temperature holds at 300 mTorr for 300
minutes each from -25°C to 20°C in 5°C temperature increments. Finally, the freeze-drying
process concluded with a post-heat step at 30°C, 300 mTorr for 120 minutes. After removal from
the freeze dryer, the 20 mL scintillation vials were either immediately capped and then analyzed
or transferred to the respective storage environments.
2.4.3 Sample Storage
Samples were stored in desiccators at 11% RH in water jacketed incubators (Forma
Scientific, Inc., Marietta, OH) at four temperatures (20, 30, 40, and 50°C) for up to one month.
Samples were removed periodically for analysis by HPLC, DSC, and PXRD.
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2.4.4 Powder X-ray Diffraction (PXRD)
VPSDs formulated at 50% vitamin weight proportion were assessed for their postlyophilization physical state and to track crystallization after storage to determine physical stability
of different VPSDs. Samples were kept in a Drierite (1-2% RH) desiccator post-lyophilization then
analyzed with a Shimadzu LabX XRD-6000 (Shimadzu Corporation, Kyoto, Japan). The powder
X-ray diffraction instrument (PXRD) utilized a Cu-Ka source set in Bragg-Brentano geometry and
was calibrated each day of analysis with a silicon standard. Roughly 1 gram of lyophile was
transferred onto a PXRD aluminum slide and, using a glass slide, was packed and flattened to
render a smooth surface that was flush with the PXRD aluminum slide. Parameters were
established with scan range set to 5-35 2θ, and samples were scanned with a step size of 0.04° at
a rate of 4°/minute. Samples exhibiting any sharp peaks in their diffractograms were interpreted to
indicate crystallinity; all other samples were considered amorphous. The VPSDs were analyzed
after one day to confirm successful amorphization and after one week and one month of storage to
determine if changes in physical structure (i.e. crystallization) had occurred.
2.4.5 High Performance Liquid Chromatography (HPLC)
Vitamin content was quantified with a Waters 2690SM HPLC (Waters Corp., Milford,
MA) utilizing an XTerra reverse-phase C18 column (Waters Corp.) and a Waters 2996 photodiode
array (PDA) detector (Waters Corp.). Elution was isocratic (Tr= 1.7 minutes) with a flow rate of 1
mL/min and utilized a mobile phase of 0.05% trifluoroacetic acid, 5% methanol, and 95% water.
Peak area absorbance was obtained at a detection wavelength of 244 nm. Standard curves (r 2 >
0.99) were prepared each day of analysis by quantifying aqueous ascorbic acid solutions at 6
concentrations ranging from 0.025 mg/mL to 0.375 mg/mL. Lyophilized samples were
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reconstituted with 15 mL of mobile phase, solubilized, and further diluted in 10 mL volumetric
flasks to a final concentration of 0.25 mg/mL. All standards and samples were filtered through 0.2
µm syringes. Samples were analyzed in triplicate at day zero and weekly thereafter throughout the
one month storage.
Predicted vitamin loss for buffered systems was calculated using an additive model of the
degradation of the individual vitamin forms. The weight proportions of each vitamin form were
multiplied by the respective vitamin loss of each individual component.
2.4.6 Differential Scanning Calorimetry (DSC)
Determination of glass transition temperature (Tg) for freeze dried polymers and 10%
vitamin VPSDs was achieved by differential scanning calorimetry (DSC) analysis using a Perkin
Elmer DSC 4000 (Perkin Elmer, Waltham, MA). The DSC was calibrated with indium and purged
with nitrogen gas. For finding Tg for samples before being exposed to storage treatments or ‘as is’,
samples were kept in DrieriteTM (1-2% RH) desiccators after freeze drying and analyzed within
one week. Samples were also analyzed after one month of storage at 11%RH and 20°C and 60°C.
Lyophile (5 to 10 mg) was transferred into a DSC sample pan (part No. B0169321) (Perkin Elmer,
Waltham, MA) and hermetically sealed. All samples were analyzed in triplicate
To determine the Tg of lyophiles, samples were initially cooled to -40°C at a rate of 2050°C/minute and heated to 120-150°C at a rate of 20°C/minute, then again cooled to -40°C and
reheated to 120-150°C at the same rates. A second approach was also used wherein DSC pans
were pinholed prior to analysis to allow water to escape. Pinholing was applied due to the inability
to accurately determine and report moisture content of AA and VPSDs because of the degradation
and subsequent volatilization caused by heating methods and AA interactions with iodine in Karl
Fischer moisture content determination. Pinholed sample pans were heated from 30°C to 120°C at
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a rate of 20°C/minute and held for three minutes. Samples were then cooled to -40°C at a rate of
50°C/minute and reheated to 120-150°C at a rate of 20°C/minute. The first scan was used to
dehydrate and erase thermal history. In a third set of DSC experiments, AA Tg was determined via
a melt quench approach. Crystalline ascorbic acid samples were analyzed in pinholed pans by
rapidly heating up to 185°C. The vitamin was then melted by heating from 185°C to 193°C at a
rate of 1°C/minute then rapidly cooled to -40°C and then scanned twice from -40°C to 75°C at a
rate of 10°C/minute. For all DSC analyses, the onset Tg from thermograms was determined from
the second scan. The onset Tg was calculated using Pyris software version 10.1 (Perkin Elmer,
Waltham, MA) and was defined as the intersection between the baseline tangent line and the
tangent line at the point of inflection of the endothermic Tg event.
Predicted Tgs for ascorbic acid VPSDs were calculated using the Gordon-Taylor equation:
(Equation 1)
𝑇𝑔,𝑚𝑖𝑥 =

𝑤1 𝑇𝑔,1 + 𝑘𝑤2 𝑇𝑔,2
𝑤1 + 𝑘𝑤2
(B. C. Hancock & Zografi, 1994)

Where w1 and Tg,1 represent the weight fraction and Tg of ascorbic acid, and w2 and Tg,2 represent
the weight fraction and Tg of the respective polymer. The parameter ‘k’ was used as a fitting
constant.
2.4.7 pH
Differences in solution pH based on vitamin ratio (AA/NaAsc) were determined with an
Orion Model SA720 pH meter equipped with an Orion 9157BN Triode pH/ATC probe (Fisher
Scientific, Waltham, MA). The meter was calibrated with Fisher Chemical buffer standards (Fisher
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Scientific). The pH was recorded for all 6 vitamin-polymer system solutions at the concentrations
formulated prior to lyophilization.
2.4.8 Statistical Analysis
Vitamin percent remaining and Tg data were presented as mean ± standard deviation.
ANOVA models were used for statistical analyses and significant differences were determined
using Tukey multiple comparisons with α = 0.05. All statistical analyses were conducted using PC
SAS 9.4 (SAS Institute Inc., Cary, NC). Nonlinear regression modeling for Tg was performed with
Matlab R2017a (The MathWorks Inc., Natick, MA).
2.5. Results and Discussion
2.5.1 Vitamin C Chemical Stability: Comparison of Acid vs Sodium Salt in PVP Solid
Dispersions
Ascorbic acid and sodium ascorbate degradation curves in the VPSDs stored at 11%RH and
20°C are illustrated in Figure 1, and the vitamin stability results for all samples at all storage
conditions are reported in Table 2. Sodium ascorbate proved to be much less stable than its acid
counterpart with only 1.5% remaining after one month of storage compared to 76.9% remaining
in the AA:PVP dispersions. Initial NaAsc degradation proceeded much more rapidly compared to
AA, with 90% of vitamin degraded within the first five days. However, the remaining 10% vitamin
took much longer to degrade (~13 days) showing a vastly decreased degradation rate after initial
bulk loss. AA degradation appeared to be more constant with a steady rate of vitamin loss over
one month storage. In the buffered dispersions, systems containing increasing NaAsc
concentrations degraded more rapidly. The leveling off effect was observed in all buffered systems
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as well. Vitamin type and ratio of AA/NaAsc in the PVP solid dispersions had a significant effect
on vitamin C degradation.
The %VitC remaining after one month at 11%RH and 30°C for buffered systems as a function
of pH, along with the predicted vitamin loss for the buffers calculated from weight fractions of AA
and NaAsc for each buffer with the recorded %VitC loss for each of the vitamin forms, are shown
in Figure 2. For every buffer system, the measured %VitC loss was more than the predicted value.
This was surprising and indicated that replacing a portion of AA with NaAsc will accelerate the
degradation of the AA, in addition to NaAsc being a less stable form of vitamin itself. The
degradation observed for the buffered systems was defined by more than just the combinations of
two vitamin forms with different stabilities. The explanation for the observed degradation trends
could be related to the changes in pH accompanied by changing the acid/salt weight fractions for
each buffer system which could have a non-linear effect on degradation kinetics.
The effect of solution pH on aqueous ascorbic acid degradation has been repeatedly
demonstrated (Emese & Peter, 2008; Golubitskii et al., 2007). The maximum rate of oxidation of
ascorbic acid was found at a solution pH of 5.6. The effect of pH is directly related to the degree
of ionization. As pH nears the pKa of VitC (4.04) more AA is deprotonated to ascorbate until a
1:1 ratio of acid/salt is formed at the pKa (Figueroa-Méndez & Rivas-Arancibia, 2015; Jabbari &
Khosravinia, 2016). A study conducted by Yasuo Abe et al concluded that ascorbic acid aerobic
oxidation proceeds much more favorably in the deprotonated state by using ab initio molecular
orbital computation of triose reduction oxidation (Yasuo Abe, 1986). This broaches the question
of how prelyophilization pH may affect the degree of ionization and solid state stability in
amorphous systems.
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Based on the observed correlation of pH with chemical stability, increasing the
prelyophilization pH should lead to acceleration of VitC degradation by facilitating the conversion
of AA to ascorbate which is the less stable form of vitamin in PVP solid dispersions. One approach
to further investigate the relationship between prelyophilization pH and amorphous VitC chemical
stability would be to add an independent pH changing entity to the system, however, this would
complicate the system and could alter other factors (VitC-polymer interactions, Tg, moisture
uptake, etc.). Another approach taken to help distinguish the ability of prelyophilization pH to
determine chemical stability of VitC without including, removing, or changing any ingredients in
the formulations was done by decreasing the total weight solids in the prelyophilization solution
from 10% to 1% weight solids. The pH of the more dilute prelyophilization solution was higher
(3.3) compared to the AA:PVP pH for the original weight solids reported earlier (2.7). Based
simply off of prelyophilization pH, one would expect the lower weight solids to have degraded
more; however, the 1% weight solids AA:PVP retained 70.3 ± 0.4% VitC after one month storage
at 11%RH and 30°C while the original 10% weight solids contained significantly less vitamin
remaining (65.6 ± 0.1% ) at the same conditions. While vitamin degradation could not be precisely
predicted based on pH alone, there was the trend that increasing prelyophilization pH ranging from
2.7 to 5.2 correlated with increases in vitamin degradation and this trend is consistent with previous
reports ("The stability of vitamin C in different beverages," 2008).
2.5.2 Effect of Temperature on Chemical Stability of Vitamin C
The effect of temperature on vitamin degradation was inspected, and the resulting vitamin
losses inAA and NaAsc PVP solid dispersions after one month are illustrated in Figure 3.
Increasing temperature resulted in significant (p < 0.05) decreases in %VitC remaining for all
VPSDs. Every 10°C increase in storage temperature resulted in greater than 10% more VitC loss
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for AA systems. For NaAsc systems, 0% VitC remained after being stored in 50°C for one month.
The degradation data for the buffered systems can be observed in Table 2 where, similarly,
increases in temperature drastically affected the vitamin chemical stability; though the patterns of
stability among the systems remained relatively the same. The one inconsistency appeared with
AA and buffer 1 at day 21 and day 28 at 50°C storage, where buffer 1 retained ~10% more VitC
than the AA:PVP system.
Vitamin C has been reported to follow first-order degradation kinetics in solution state
(Golubitskii et al., 2007), food/beverage systems (A. Steskova, 2006; Burdurlu et al., 2006), and
model amorphous systems (Lee & Labuza, 1975; Nelson, 1993). The two model amorphous
systems cited were a system composed of corn oil, glycerol, and cellulose and a freeze
maltodextrin matrix, respectively. In this study, ascorbic acid degradation in PVP solid dispersions
fit the first order reaction rate (r2 = 0.92-0.99) but the rapid degradation of NaAsc and buffered
systems yielded poor fits (r2 ~ 0.6-0.8). The rate constants of AA degradation as a function of
temperature are illustrated in Figure 4. The rate constants nearly doubled with every 10°C increase
in storage temperature demonstrating the considerable effect of temperature on degradation
kinetics.
2.5.3 Determination of Tg for VitC and VitC:PVP Solid Dispersions
The glass transition temperature is an important parameter that has been related to the chemical
stability of small molecules in low moisture and amorphous systems (Yrjö H. Roos & Drusch,
2016b). In this study, a challenge for measuring the Tg of the ascorbic acid alone was maintaining
a physically stable lyophile of freeze dried AA. All attempts to lyophilize AA resulted in collapse
and crystallization due in part to its low Tg’ (-54°C) (Adhikari & Bhandari, 2008; Andersen &
Skibsted, 1998). A freeze drying method would need to reach cooler temperatures than what our
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pilot freeze dryer was capable of to limit nucleation and subsequent crystallization. A different
approach was adopted utilizing the melt quench method. Crystalline AA was heated to just above
its melt temperature in the DSC and rapidly cooled to below 0°C before scanning for Tg. This
method proved successful in yielding a Tg event as can be seen in the thermogram (Figure 5);
however, there were concerns with the reliability of the measurement because of the perceived
simultaneous decomposition of VitC occurring with melting. The dark brown color of the material
indicated severe degradation but as was demonstrated by (Sanchez, 2016) and (Li, Taylor, &
Mauer, 2011) color development did not necessarily indicate measurable degradation in ascorbic
acid and green tea catechin amorphous matrices. Thus, the remaining melt quenched material was
analyzed via HPLC to determine the extent of degradation and was found to contain greater than
80% VitC remaining. Although degradation products could alter the Tg measurement, the
measured Tg value for AA of 40.1°C ± 3.6 correlated well with the 2/3 estimation rule for ascorbic
acid of 36°C. The 2/3 rule (or Tg/Tm rule) is a crude approximation that estimates the Tg/Tm of an
organic compound by multiplying the melting point in Kelvin by 0.66 which was a rough rule
proposed after Tg/Tm results for small molecule pharmaceuticals ranged from 0.59 to 0.84
(Fukuoka, Makita, & Yamamura, 1989; Kerc & Srcic, 1995; Yu, 2001). The AA Tg measurement
coincides with Tg predictions using this range. The measurement was further corroborated with a
good fit (adjusted r2 = 0.99) with the Gordon-Taylor model (Equation 1) in which dry Tgs of
AA:PVP of different vitamin weight proportions (10, 20, 30, and 40%) were measured and plotted
using the measured dry Tg of pure PVP and AA (Figure 6). The constant, k, was used as a fitting
term in the model and calculated to be 0.6522. Polymer blends with strong specific interactions
(e.g. ionic interactions and transition metal complexes) have high k values (0.7-1.3), so it is not
surprising to see a relatively high k value for AA:PVP solid dispersions which contain favorable
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hydrogen bonding interactions (Christina, 2014; Lu & Weiss, 1992). The same k value was used
to calculate the predicted Tgs of the AA/NaAsc control and buffered systems.
Unlike AA, pure NaAsc could be rendered amorphous by freeze drying due to its higher
Tg’ (-39°C) (Andersen & Skibsted, 1998). However, the Tg measurement for freeze dried NaAsc
was inaccurate due to issues with high crystallization tendency during DSC analysis and high
amounts of residual moisture. The large amount of residual moisture was signified by the lower
than expected onset Tg (18°C, Figure 7). The predicted Tg for NaAsc based on the 2/3 rule is 55°C.
The Tg measurement of freeze dried NaAsc was lower than the predicted Tg due to the
plasticization effect from water. Water as an individual component has a very low Tg (-137°C) and
the Tg of a system is described as an average of the weighted components, a system can exhibit a
drastically reduced Tg in higher moisture contents (Yrjö H. Roos, 2008).
Using pinholed DSC pans is a method used to allow residual moisture to escape and determine
the dry Tg, but this method could not be used for NaAsc due to the crystallization of NaAsc
following the glass transition and before moisture could be removed. Another solution used for
determining individual ingredient Tg in the presence of water is to calculate an estimate with
Gordon-Taylor or Flory-Fox equations. However, the moisture content of the system must be
known and an accurate moisture content could not be attained using the standard moisture content
analysis methods. Drying with heat would have been unreliable due to degradation and possible
mass loss from development of volatile compounds (Hiatt, Ferruzzi, Taylor, & Mauer, 2011). The
preferred method for moisture quantification is Karl Fischer, but it is inaccurate for measuring
moisture contents of systems specifically containing VitC due to interactions with iodine that lead
to overestimation of water (Sherman & Kuselman, 1999). Alternatively, a more rigorous freeze
drying method could be used to remove the excess moisture content and provide a more accurate
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dry Tg reading. Nonetheless, in the next attempt to find dry Tg, NaAsc was melt quenched. This
was unsuccessful due the simultaneous rapid decomposition with melting which destroyed the
sample in the process. Although both AA and NaAsc are reported to have decomposition
temperatures matching their respective melting temperatures, NaAsc thermal decomposition
produced a rapid exothermic decomposition peak at the onset melting temperature (Jingyan,
Yuwen, Zhiyong, & Cunxin, 2013; Lide, 2007-2008). Direct NaAsc Tg measurement attempts
were abandoned, and the Tg of NaAsc was estimated with the Gordon Taylor equation by including
the dry Tg of NaAsc:PVP solid dispersion and the known dry Tg of PVP. The k fitting parameter
(0.6522) that was calculated in the Gordon Taylor model of AA:PVP systems was used for the
prediction of NaAsc Tg. In this estimation, the Tg of NaAsc was determined to be 41°C.
2.5.4 Effect of Tg on Chemical Stability
Previous work in our lab reported the chemical stability of varying vitamin weight
proportions of AA:PVP systems. The data surprisingly demonstrated an increased stability with
the more vitamin concentrated systems (see attached Publication). The combination of this data
and the chemical stability data for the AA and NaAsc controls and buffered PVP systems were
investigated as to whether they could be explained by their Tgs. The Tg, especially in relation to
the respective storage conditions of the samples, has been used as an indicator of molecular
mobility which is thought to be a critical factor in determining chemical stability of small
molecules in low moisture and amorphous systems (Yrjö H. Roos & Drusch, 2016b). The Tgs of
varying vitamin weight proportions of AA:PVP systems are listed in Table 3, and both before and
after storage the Tgs decreased with increasing vitamin concentrations. A sample thermogram of
10% AA:PVP analyzed after lyophilization is displayed in Figure 8. This is opposite to the
chemical stability trend reported previously in which greater vitamin loss was detected in the lower
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vitamin weight proportion systems. If molecular mobility was the defining influence on chemical
stability in these systems, the systems with lower Tgs would be expected to have more molecular
mobility and allow for degradation to proceed more rapidly.
Tg values for AA and NaAsc controls and buffered systems after equilibration at 20 and 60°C
and 11%RH are listed in Table 4. No trend was observed among the buffer systems relating to
their chemical stability. Not many of the buffered systems had significantly different Tgs, but those
that were significantly different did not follow expected behavior. For example, the less chemically
stable buffer system 4 exhibited a Tg significantly higher (p < 0.05) than the measured Tg for buffer
3 (72°C versus 59°C, respectively after 1 month storage at 11%RH and 20°C).
Interestingly, the samples stored at 60°C exhibited higher glass transition temperatures than
those stored at 20°C. This could be explained by the lower moisture uptake at higher temperatures
or the more rapid degradation that occurred in the 60°C storage conditions leading to further
developed polymerized degradation compounds (Rodriguez, Sadler, Sims, & Braddock, 1991;
Solomon, Svanberg, & Sahlström, 1995). Polymerization of furfural (one of the identified
degradation products), for example, could lead to higher molecular weight polymers with a higher
Tg than AA.
Overall, Tg was unable to account for degradation differences for both AA:PVP of varying
vitamin weight proportions and different AA/NaAsc buffered PVP systems. The notion that Tg be
utilized as a molecular motion hindrance parameter and the point at which reaction rates become
diminished has been disputed in past studies, particularly in model PVP amorphous systems for
various chemical reactions including aspartame degradation, sucrose hydrolysis, and
nonenzymatic browning where Tg and distance from storage temperature did not correlate well
with reaction kinetics (Bell & Hageman, 1994; Del Pilar Buera et al., 1995; Lievonen & Roos,
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2002). Yu (2001) and others have proposed that T0, or the temperature when τ reaches infinity
indicating no molecular mobility, be the parameter used to decide storage conditions since
different materials can drastically vary in how far below the Tg their T0 is. The distance between
T0 and Tg is governed by the fragility of the material. Small organic molecules tend to be fragile
and can fall under the -50K rule which estimates the T0 to be 50K below the Tg (Yu, 2001). Under
this estimation, it is not surprising that VitC samples stored below their Tg still had enough
molecular mobility for degradation to proceed. Using the -50K rule, the T0s for the vitamin control
and buffered systems would be somewhere in the range of 9°C to 22°C and all samples were stored
at or above 20°C. It is likely that expecting molecular mobility to limit degradation would only be
suitable when maintaining VitC systems in conditions roughly 50K below their Tgs or formulating
VitC in very high Tg matrices, both of which seem unlikely in a food system.
2.6. Conclusion
The stability of vitamin C in PVP solid dispersions was heavily dependent upon the vitamin
concentration as well as the vitamin form (acid vs salt) and the storage temperature. The
discrepancy in vitamin stability between the vitamin forms was as large as 77% AA remaining
versus 2% NaAsc remaining when stored for one month at 11%RH and 20°C. Rate constants for
AA degradation almost doubled with 10°C increases in storage temperature. The pH measurements
of the solutions for VPSDs increased with increasing vitamin degradation. There was a nonlinear
trend of pH effect on vitamin chemical stability where increasing prelyophilization pH decreased
vitamin stability. Although prelyophlilzaiton pH correlated well with vitamin chemical stability
overall, it was flawed at indicating stability when comparing different solution concentrations of
the same ingredients. Thus, pH should be restricted to relative comparisons of similar formulations
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for indicating vitamin stability. Tg differences did not explain degradation differences in neither
varying vitamin weight proportion systems nor varying vitamin ratio systems. Storage below the
Tg did not sufficiently limit molecular mobility to inhibit vitamin C degradation. Food
manufactures should consider using a different diffusion-limiting parameter for developing storage
conditions for food systems where small molecule oxidation is a concern. The lack of explanation
for the degradation of high weight proportions from Tg differences led to further investigation in
the next chapters.
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2.7. Tables and Figures
Table 2.1 Sample formulations used to prepare 10%vitamin:90%PVP solutions that were
lyophilized
PVP solid dispersion type %VitC from AA
%VitC from NaAsc
pH
AA
100%
0%
2.7
Buffer 1
94%
6%
3.0
Buffer 2
82%
18%
3.5
Buffer 3
60%
40%
4.0
Buffer 4
32%
68%
4.5
NaAsc
0%
100%
5.2

100

% Vitamin remaining

80

60

40

20

0
0

5

10

15

20

25

30

Time (days)
AA

Buffer 1

Buffer 2

Buffer 3

Buffer 4

NaAsc

Figure 2.1 Percent vitamin remaining over time for AA/NaAsc and buffered dispersions stored at
11%RH, 20°C
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Table 2.2 Effects of storage temperature on percent vitamin remaining for AA/NaAsc controls
and buffered dispersions stored at 11% RH
Storage
temperature

Percent vitamin remaining
Sample

Day 1

Day 10

Day 15

Day 22

Day 25

AA

93.9±0.3Aa

85±1Ba

84.1±0.9Ba

81.1±1.5Ca

N/A

Buffer 1

89.3±1.7Aa

72.3±1Bb

68.7±1.8BCb

67.3±0.5Cb

55.4±2.1Da

Buffer 2

84.1±1.6Aa

50±3.1Bc

44.5±3Bc

44.2±1.3Bc

34.9±1.3Cb

Buffer 3

79.7±3.5Aab

27±1.4Bd

22.9±1.3BCd

19.1±0.8Cd

10.3±0.9Dc

Buffer 4

72.5±3Ab

12.8±1.1Be

10.4±1.2Be

8.1±0.4Be

-0.7±0.5Bd

NaAsc

32.8±1.6Ac

4.4±0Bf

3.6±0.2Bf

3.7±0.2Bf

N/A

AA

93.2±1.4Aa

80.7±1.5Ba

74.8±3.7Ca

72.1±0.4Ca

65.6±0.1Da

Buffer 1

89.5±2.9Aab

67±1.4Bb

62.5±3.3BCb

60.3±1.1CDb

55.9±1.6Db

Buffer 2

87.1±1.2Ab

47.3±1.6Bc

42.4±0.3Cc

38.3±0.6Dc

37.5±0.6Dc

Buffer 3

86.5±0.8Abc

21.7±1.4Bd

14.8±0.5Cd

16.4±0.1CDd

13.3±0.7Dd

Buffer 4

82.6±0.6Ac

12.3±0.3Be

6.2±0Ce

6.5±0.2Ce

3±1.2De

NaAsc

71.2±0.6Ad

3.4±0.4Bf

2.4±0.5BCe

1.4±0.1CDf

0.9±0.0De

AA

93.2±1.4Aa

74.8±0.3Ba

62.9±2.8Ca

54.5±0.2Da

47.7±0.5Ea

Buffer 1

95.9±2Aa

57.7±0.1Bb

55.7±1.1Bb

47.2±2.8Cb

43.9±1.1Cb

Buffer 2

92.3±2.3Aa

38.1±2Bc

36.5±2.4Bc

30.4±1.7Cc

25.7±0.9Cc

Buffer 3

86.8±1.7Ab

14.9±0.7Bd

12.8±0.4Bd

9±0.8Cd

6.6±0.5Cd

Buffer 4

81.7±0.9Ac

4.1±0.2Be

3.5±0.3Be

1.7±0.2Ce

0.6±0.1Ce

NaAsc

71.2±0.6Ad

1.7±0.1Be

1.5±0Be

0.2±0Ce

0.4±0Ce

AA

93.2±1.4Aab

54.8±0.9Ba

40.7±1.3Ca

30.7±0.3Db

25.5±0.5Eb

Buffer 1

94.5±1.8Aa

44.5±3.9Bb

37.2±1.7BCb

39.2±1.8Ca

34.9±0.7Ca

Buffer 2

94.1±3.1Aa

26.6±1.8Bc

21.3±0.7Bc

22.7±3.2Bc

20.8±2.3Bc

Buffer 3

85.6±4.5Abc

8.1±1.5Bd

5.3±0.3Bd

6.6±1.5Bd

4.5±0.1Bd

Buffer 4

80.9±1.9Ac

2±0.6Be

0.6±0Be

1.6±0.1Be

0.9±0Be

NaAsc

71.2±0.6Ad

1±0.3Be

0.9±0.1Be

0±0Ce

0±0Ce

type
20°C

30°C

40°C

50°C

abcde

Represent statistically significant differences (p < 0.05) compared within columns for each
individual storage temperature
ABCDE
Represent statistically significant differences (p < 0.05) compared within rows
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Figure 2.2 Measured and predicted degradation of vitamin buffered dispersions as a function of
pH after 1 month at 11%RH, 30°C
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Figure 2.3 Effect of temperature on percent vitamin remaining in AA:PVP and NaAsc:PVP solid
dispersions after 1 month at 11%RH
* abcde Represent statistically significant differences (p < 0.05)
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Figure 2.4 Ascorbic acid degradation rate constants as a function of temperature in PVP solid
dispersions
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Figure 2.5 Ascorbic acid melt quench thermogram (second scan)
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Figure 2.6 Tg values for ascorbic acid weight proportions and Gordon Taylor plot
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Figure 2.7 Freeze dried sodium ascorbate thermogram (first scan)
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Figure 2.8 Sample thermogram post lyophilization (10% AA:PVP)

Table 2.3 Onset Tg measurements of PVP and different AA:PVP vitamin weight proportions
Onset Tg (°C) of samples:
Lyophile
‘As
is’
after In pinhole pans (dry)
Equilibrated
to
Composition
lyophilization
11%RH 60°C
aA
aB
160 ± 3
89.0 ± 4 aC
PVP
110 ± 3
140 ± 0 bA
73.2 ± 11 abC
10% AA
97 ± 6 bB
128 ± 1 cA
72.0 ± 5 bC
20% AA
90 ± 4 bcB
114 ± 8 dA
67.0 ± 5 bB
30% AA
80 ± 2 cB
96 ± 2 eA
61.8 ± 4 bB
40% AA
65 ± 3 dB
abcde

Represent statistically significant differences (p < 0.05) compared within columns
Represent statistically significant differences (p < 0.05) compared within rows

ABCDE
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Table 2.4 Onset Tg measurements of AA/NaAsc buffered PVP solid dispersions after 1 month
storage
Onset Tg (°C) of samples:
Lyophile Composition
Equilibrated to 11%RH 20°C
Equilibrated to 11%RH 60°C
62.4±1.4abc
63.7±13.3a
68.7±0.3abc
80.7±3.6a
60.4±4.9bc
69.6±7.6a
58.6±4.4c
79.1±NAa
72.3±7.1a
80.2±7.6a
70.2±2.9ab
85.6±4.7a
abcde
Represent statistically significant differences (p < 0.05) compared within columns

AA
Buffer 1
Buffer 2
Buffer 3
Buffer 4
NaAsc
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CHAPTER 3.
AMORPHOUS VITAMIN C CHEMICAL
STABILITY IN VARIOUS POLYMER MATRICES

3.1. Abstract
Vitamin C is an essential nutrient and a chemically labile compound. In this study, two forms
of vitamin C (ascorbic acid and sodium ascorbate) were formulated with four polymers,
polyvinylpyrrolidone, pectin, pectin (potassium esterified), and polyacrylic acid, at different
vitamin weight proportions. These polymers were selected for their different hydrogen bonding
capabilities and to investigate the relationship between polymer vitamin C crystallization
inhibition properties and vitamin degradation. Samples were solubilized in water, lyophilized in a
freeze drier, and stored at 30°C and 11%RH. High performance liquid chromatography with a
photodiode array detector (HPLC-PDA) was used to quantify vitamin content remaining.
Additional properties were analyzed using a powder X-ray diffraction (PXRD) to characterize
physical state, dynamic moisture analyzer to collect moisture sorption isotherms, and differential
scanning calorimetry (DSC) to characterize glass transition temperatures (Tg). Vitamin
degradation was found to be highly dependent on the polymer matrix in which the vitamin was
dispersed; polyvinylpyrrolidone systems exhibited the greatest vitamin degradation (~70%
ascorbic acid remaining after one month) and polyacrylic acid systems exhibited little to no
vitamin degradation in the same timeframe. Moisture sorption properties and Tg were unable to
explain the observed degradation differences among the polymer matrices. The level of
intermolecular interactions, as indicated by the physical stability and moisture deviation from pure
polymer moisture uptake, showed a potential connection with the apparent vitamin chemical
stability and could provide insight to predict vitamin stability in low moisture amorphous systems

61
by evaluating the matrix in which the vitamin is dispersed and understanding what matrix
properties and interactions may act to stabilize the vitamin from degradation.
3.2. Introduction
Vitamin C is a vital nutrient that is essential for proper nutrition and tissue development
(Merck & Co, 1956). Vitamin C is present naturally in many foods and is commonly added as a
functional or fortified ingredient in foods. It is primarily added as a crystal of either ascorbic acid
or sodium ascorbate (Figure 1). Vitamin C is an ingredient of concern due to its inherent tendency
to degrade during storage or during processing. It is particularly sensitive to exposure to high
temperatures, high pH, oxygen, light, and moisture (Damodaran et al., 2008). Vitamin C
degradation is generally deleterious to quality and can lead to issues with nutritional quality,
browning, labeling infractions, and off-flavor development (Blank & Fay, 1996; Hiatt et al., 2010;
Krammer et al., 1994; Sanz et al., 1994; Singh & Anderson, 2004).
Studies on pure vitamin C degradation have primarily focused on two physical forms:
crystalline and solution (Golubitskii et al., 2007; Hiatt et al., 2010; Oey et al., 2006; Yuan & Chen,
1998). Other studies have displayed degradation of vitamin C in food/beverages such as vegetables
and fruit juices (A. Steskova, 2006; Emese & Peter, 2008; Sapei & Hwa, 2014). Ascorbic acid (the
common form of vitamin C) was solidified in the amorphous physical form when lyophilized in
systems containing polymer with various polymers able to stabilize the vitamin in the amorphous
state at vitamin weights as high as 50% (Christina, 2014). This indicated the likelihood of vitamin
C being present in the amorphous state in many food products prepared by processes that rapidly
cool or dehydrate such as spray dried powders for beverages and freeze dried fruits and vegetables;
although, any amorphous food product containing or fortified with vitamin C that is rapidly cooled
following heat treatments has the potential to contain the vitamin in the amorphous state. There
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has been some work done investigating vitamin C chemical stability in low moisture model
amorphous systems, although rarely is the physical state of the vitamin confirmed. Degradation is
normally fitted to first order but kinetics have largely varied in different food and model systems
(Damodaran et al., 2008)
In the pharmaceutical literature, the miscibility, or the dispersibility of the components at
molecular level, is deemed critical in determining the physical stability of an ingredient in a solid
dispersion though it is not fully understood (Qian et al., 2010). In amorphous solid dispersions, a
completely miscible system would contain a completely homogenous continuous phase with the
molecules thoroughly interspersed. Immiscible components result in either a phase separated
binary system exhibiting two distinct Tgs or, for physically unstable small molecules,
crystallization (Laitinen et al., 2014). The miscibility of a solid dispersion can be affected by the
preparation method and polymer concentration (Brettmann et al., 2012; Rumondor et al., 2009).
However, miscibility is likely most affected by the enthalpy of mixing which is ultimately
determined by the favorability of the ingredient-polymer intermolecular interactions, especially in
relation to the interactions of the individual components (Shamblin et al., 1998); thus,
understanding the degree of interactions between the components of an amorphous solid dispersion
is critical for understanding the ability of different polymers to inhibit crystallization of an
ingredient. In food systems where the small molecules of interest (such as vitamins) are more likely
to be chemically labile, hydrophilic, and capable of more intermolecular interactions (specifically
hydrogen bonding) compared to hydrophobic drugs, it becomes even more complicated to
distinguish the relationship between interactions, miscibility, and physical stability. And it
becomes more important to consider both the strength of the intermolecular interactions and the
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amount of interactions that are energetically favorable as well as how these interactions and the
level of miscibility impacts the deterioration of the chemically labile compounds.
Previous work was completed on the physical stability of ascorbic acid in several polymer
solid dispersions and concluded that vitamin-polymer interactions were responsible for the
observed physical stability differences (Christina et al., 2015). Additional studies were performed
on amorphous vitamin C chemical stability in PVP model systems and found degradation to
increase with increasing polyvinylpyrrolidone polymer proportions and more rapid degradation to
occur with the salt form of vitamin C (chapter 2 and attached Publication) (Sanchez, 2016). No
definite conclusion could be made about the cause for the more rapid degradation observed in
sodium ascorbate and lower vitamin weight proportion formulations, although it appears that a
relationship exists with vitamin C-PVP miscibility where greater dispersibility of the vitamin
within the matrix leads to greater vitamin degradation.
3.3. Objectives
The objective of this study was to further characterize vitamin C degradation with more
comprehensive formulations including food polymers along with specialized pharmaceutical
polymers. This study attempted to identify the major factor determining the degradation of
amorphous vitamin C when formulated in different systems. Various physical properties are
hypothesized to affect amorphous vitamin C chemical stability; thus, physical characterization of
vitamin polymer solid dispersions was carried out to investigate the possible connection between
degradation and matrix dependent properties including miscibility, vitamin-polymer interactions,
hygroscopicity, and glass transition temperature.
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3.4. Materials and Methods
3.4.1 Materials
L-ascorbic acid (AA) was obtained from Sigma - Aldrich Inc (St. Louis, MO) as were three
polymers including: pectin from citrus peel (CT), potassium salt esterified pectin from citrus (K,
potassium =4.1-6.4%), and polyacrylic acid (PAA, MW ~450,000). L-ascorbic acid sodium salt
(NaAsc) was obtained from Acros Organics (NJ). Polyvinylpyrrolidone (PVP, MW ~40,000) was
obtained from Fisher Scientific (Waltham, MA). Salts and saturated salt solutions were used to
control desiccator environments at specific relative humidities (RHs). Anhydrous calcium sulfate
mixed with cobalt(II) chloride as a color indicator and branded as DrieriteTM (1-2% RH) was
obtained from W.A. Hammond Drierite Company, LTD (Xenia, OH). Anhydrous lithium chloride
(11% RH) was obtained from EMD Millipore (Billerica, MA). Sodium chloride (75% RH) was
obtained from Sigma - Aldrich Inc. For making mobile phase for HPLC, trifluoroacetic acid (TFA)
was obtained from Sigma- Aldrich Inc. Water was purified with a Barnstead™ E-Pure™ ultrapure
water purification system (ThermoScientific, Waltham, MA) containing a final filtration size of
0.2 µm and yielding Type I water with resistivity of 18.2 (MΩ·cm).
3.4.2 Sample Preparation
Vitamin-polymer solid dispersions (VPSDs) were originally formulated from 1% weight
solids in solution prior to lyophilization by measuring 0.05 g total solids into 5 mL of water.
Although the mass of total solids was maintained, various vitamin weight proportions (2, 10, and
50%) in the polymer were used. VPSDs of 10% vitamin were formulated by directly weighing
0.045 g of polymer into 20 mL glass scintillation vials and solubilizing by adding 4.9 mL of water
capping and vortexing. Then a separate vitamin stock solution (0.05 g/mL) was prepared and 0.1
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mL was pipetted to each vial and vortexed again. After fully solubilizing (made evident by lack of
precipitate and transparent solution), samples were then uncapped and placed along with their
respective upturned caps onto a shelf and placed into a VirTis Genesis 25ES (SPScientfic, Stone
Ridge, N) shelf freeze drier.
An additional set of samples for moisture sorption analysis was prepared by the same
method described above but encompassed a greater vitamin weight proportion formulation range
(0, 2, 10, 20, 30, 40, and 50%). Samples were directly lyophilized in aluminum SPS pans by
transferring 2 mL of sample solution directly from each sample vial into each SPS pan and freeze
drying.
To achieve proper lyophilization, samples first underwent a freezing step (-40°C and 330
mTorr for 240 minutes) followed by 9 stepwise increasing temperature holds at 300 mTorr for 300
minutes each from -25°C to 20°C in 5°C temperature increments. Finally, the freeze-drying
process concluded with a post-heat step at 30°C, 300 mTorr for 120 minutes. After removal from
the freeze dryer, the 20 mL scintillation vials were either immediately capped and then samples
were analyzed or the uncapped vials were transferred to the respective storage environments.
3.4.3 Sample storage
Samples were stored in desiccators at 11% RH in water jacketed incubators (Forma
Scientific, Inc., Marietta, OH) set to 30°C. Physical state characterization of VSPDs was conducted
one day after freeze drying where they were stored in desiccators containing Drierite TM at room
temperature (22 ± 3°C). Physical state characterization was also conducted after one week and
after one month of storage in desiccators at two RHs (11% and 75%) and incubated at 25°C.
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3.4.4 High Performance Liquid Chromatography (HPLC)
Vitamin content was quantified over time with a Waters 2690SM HPLC (Waters Corp.,
Milford, MA) utilizing an XTerra reverse-phase C18 column (Waters Corp.) and a Waters 2996
photodiode array (PDA) detector (Waters Corp.). Elution was isocratic (Tr=2.3 minutes) with a
flow rate of 1 mL/min and utilized an aqueous mobile phase of 0.05% trifluoroacetic acid. Peak
area absorbance was obtained at a detection wavelength of 244 nm. Standard curves (r2 > 0.99)
were prepared each day of analysis by quantifying aqueous ascorbic acid and sodium ascorbate
solutions at 6 concentrations ranging from 0.025 mg/mL to 0.375 mg/mL. Lyophilized samples
were reconstituted with 15 mL of mobile phase rendering a final vitamin C concentration of 0.333
mg/mL. All standards and samples were filtered through 0.2 µm syringes. Samples were analyzed
in triplicate at day zero and after one week and one month at 11%RH and 30°C.
3.4.5 Powder X-ray Diffraction (PXRD)
VPSDs formulated at 50% vitamin weight proportion were assessed for their postlyophilization physical state and to track crystallization after storage to determine physical stability
of different VPSDs. Samples were kept in a Drierite (1-2% RH) desiccator post-lyophilization then
analyzed with a Shimadzu LabX XRD-6000 (Shimadzu Corporation, Kyoto, Japan). The powder
X-ray diffraction instrument (PXRD) utilized a Cu-Ka source set in Bragg-Brentano geometry and
was calibrated each day of analysis with a silicon standard. Roughly 1 gram of lyophile was
transferred onto a PXRD aluminum slide and, using a glass slide, was packed and flattened to
render a smooth surface that was flush with the PXRD aluminum slide. Parameters were
established with scan range set to 5-35 2θ, and samples were scanned with a step size of 0.04° at
a rate of 4°/minute. Samples exhibiting any sharp peaks in their diffractograms were interpreted to
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indicate crystallinity; all other samples were considered amorphous. The VPSDs were analyzed
after one day to confirm successful amorphization and after one week and one month of storage to
determine if changes in physical structure (i.e. crystallization) had occurred.
3.4.6 Differential Scanning Calorimetry (DSC)
Determination of glass transition temperature (Tg) for freeze dried polymers and 10%
vitamin VPSDs was accomplished by differential scanning calorimetry analysis using a Perkin
Elmer DSC 4000 (Perkin Elmer, Waltham, MA). The DSC was calibrated with indium and purged
with nitrogen gas. Samples were kept in DrieriteTM (1-2% RH) desiccators and analyzed within a
week of lyophilization. Lyophile (5 to 10 mg) was transferred into a DSC sample pan (part No.
B0169321) (Perkin Elmer, Waltham, MA) and hermetically sealed. DSC pans were pinholed prior
to analysis to allow water to escape. Pinholing was applied due to the inability to accurately
determine and report moisture content of VPSDs because of the degradation and subsequent
volatilization caused by heating methods and AA interactions with iodine in Karl Fischer moisture
content determination. Polymers and VPSDs were heated from 30°C to 120°C at a rate of
20°C/minute and held for three minutes. Samples were then cooled to -40°C at a rate of
50°C/minute and reheated to 120-150°C at a rate of 20°C/minute. The first scan was used to
dehydrate and erase thermal history. Onset Tg values were determined from the second scan. The
onset Tg was calculated using Pyris software version 10.1 (Perkin Elmer, Waltham, MA) and was
defined as the intersection between the baseline tangent line and the tangent line at the point of
inflection of the endothermic Tg event.
Predicted Tgs for ascorbic acid VPSDs were calculated using the Gordon-Taylor equation:
(Equation 1)
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𝑇𝑔,𝑚𝑖𝑥 =

𝑤1 𝑇𝑔,1 + 𝑘𝑤2 𝑇𝑔,2
𝑤1 + 𝑘𝑤2
(B. C. Hancock & Zografi,

1994)
Where w1 and Tg,1 represent the weight fraction and Tg of ascorbic acid, and w2 and Tg,2 represent
the weight fraction and Tg of the respective polymer. The ‘k’ was used as a fitting constant.
3.4.7 Moisture Sorption
Moisture sorption isotherms were obtained for all vitamin:polymer dispersions containing
0%-50% vitamin proportions using an SPSx-1μ Vapor Sorption Analyzer (Projekt Messtechnik,
Ulm, Germany). Following removal from the freeze dryer, SPS pans were placed in desiccators
containing DrieriteTM (1-2% RH) for 1-2 days before being analyzed.
After being transferred to the SPS instrument, the environment condition was set to 5%
RH and 25°C, and samples were kept in this condition for 1-2 hours before initiating the program.
Samples (20-30 mg) were equilibrated at 5% RH increments at a range of 5% RH to 90% RH with
an equilibration condition of 0.01% weight change per 15 min or a maximum step time of 5 hours.
Temperature was maintained at 25°C.
Moisture sorption differences among vitamin weight proportions of VPSDs were examined
using the ascribed parameter ‘phi’, which described the moisture sorption deviation of a VPSD
from that of its respective pure polymer. The phi parameter was calculated from a linear model
where the total moisture sorption of a VPSD equaled the weighted average moisture sorption of
the pure polymer plus phi.
𝑚𝑉𝑃𝑆𝐷 = 𝑐𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + 𝜑
𝑤ℎ𝑒𝑟𝑒 𝑚 = % 𝛥 𝑤𝑒𝑖𝑔ℎ𝑡

69
𝑐 = 𝑤𝑒𝑖𝑔ℎ𝑡 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟
3.4.8 Polarized Light Microscopy (PLM)
Following moisture sorption analysis, VPSD lyophiles were removed from the SPS and
analyzed for crystallization with an Omano OM349P Polarization Microscope (The Microscope
Store, LLC, Roanoke, VA). The microscope was equipped with Plan Achromatic objectives and a
lambda filter. Lyophiles were transferred and spread onto a glass slide and were visually examined
under 40X magnification. Observance of birefringence and crystal structures was taken to indicate
presence of crystalline regions. Pictures of each VPSD under magnification were taken using an
Apple iPhone 6S (Cupertino, CA) held in place by an iPhone iDu LabCam Microscope Adapter
(iDu Optics, New York, NY).
3.4.9 Fourier transform infrared spectroscopy (FTIR)
VPSD intermolecular interactions were examined by collecting spectra with a
ThermoNicolet Nexus 670 FTIR that was equipped with a mercury cadmium telluride A (MCTA)
and KBr beam splitter (ThermoNicolet Analytical Instruments, Madison, WI). The FTIR was
supplemented with a SMART Avatar Diffuse Reflectance (DRIFT) accessory (ThermoElectron
Corp., Madison, WI). Lyophile and potassium bromide (KBr) were mixed at a 1:20 proportion in
a plastic capsule containing a stainless-steel ball. Then capsules were vibrated with a Crescent
Wig-L-Bug® C020200 Mixer for 30 seconds. Background was taken with pure KBr and
reanalyzed every two hours. Samples were analyzed with 128 scans from 4000 to 650 cm-1 at a
resolution of 2 cm-1 and the background was automatically subtracted from each sample spectrum.
All spectra were analyzed with OMNIC software (ThermoElectron Corp.). Intermolecular
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interactions between the vitamin and polymer were interpreted in the carbonyl region of the spectra
by peak location shifts with increasing vitamin weight proportions in the VPSDs.
3.4.10 Statistical Analysis
Vitamin percent remaining and Tg data were presented as mean ± standard deviation.
ANOVA models were used for statistical analyses and significant differences were determined
using Tukey multiple comparisons with α = 0.01 for vitamin percent remaining and α = 0.05 for
Tg. All statistical analyses were conducted using PC SAS 9.4 (SAS Institute Inc., Cary, NC).
Nonlinear regression modeling for Tg was performed with Matlab R2017a (The MathWorks Inc.,
Natick, MA).
3.5. Results and Discussion
3.5.1 Vitamin C Chemical Stability in different Vitamin-Polymer Solid Dispersions
Chemical stability of amorphous vitamin C (VitC) in different vitamin polymer solid
dispersions (VPSD) was documented as %VitC remaining after 1 month storage (11%RH, 30°C)
(Table 1). Ascorbic acid (AA) and sodium ascorbate (NaAsc) VPSDs were analyzed at three time
points and at three vitamin wt.% proportions in the different polymer formulations. Polymer type,
vitamin form, and vitamin weight proportion all significantly influenced the vitamin stability over
time. VitC degradation in varying amorphous VPSDs displayed large disparities depending on the
polymer matrix. The order of chemical stability relative to polymer type for AA VPSDs followed
PAA > CT > K > PVP (Figure 2). After one month of storage at 11%RH and 30°C, the 10%
AA:PAA samples exhibited minimal vitamin loss (98% remaining) whereas 10% AA:PVP
retained less than 70% of original vitamin content. Excipients in drug solid dispersions can
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influence API chemical stability by direct reactions as is seen in non-enzymatic browning (Kumar
& Banker, 2005). However, nonreactive excipients have also been shown to affect chemical
stability due to intermolecular interactions (Waterman, Gerst, & Dai, 2012). Several other
characteristics of polymers could explain the differences in chemical stability among the different
VPSDs such as viscosity, hygroscopicity, miscibility of the vitamin-polymer, presence of trace
oxidative contamination compounds, molecular mobility at the vitamin-polymer interface, etc.
(Loftsson, 2014; Waterman, Adami, & Hong, 2004; Waterman et al., 2012). These factors are
addressed throughout this chapter.
NaAsc VPSDs followed the same trend of vitamin chemical stability relative to polymer
type (PAA>CT>K>PVP); however, overall degradation was considerably higher in all NaAsc
VPSDs compared to AA VPSDs, excluding PAA which still showed remarkable capability to
protect amorphous VitC from degradation even with the more sensitive vitamin salt form (Table
1) (Figure 3). After one month of storage, for the 10% VitC wt. proportion there remained 93%
AA vs 72% NaAsc in CT, 78% AA vs 54% NaAsc in K, 70% AA vs 1% NaAsc in PVP, and 100%
AA vs 98% NaAsc in PAA matrices (Table 1). The greater degradation of NaAsc was previously
reported in PVP solid dispersions (chapter 2). The more rapid degradation of the salt form of VitC
could be due to already being in a C3 deprotonated state which is the first step in the oxidative
degradation pathway (Serpen & Gokmen, 2007). Additionally, both oxidation and hydrolysis of
the salt form may proceed more rapidly in solid-solution microaqueous pools due to the greater
solubility of the salt form (Stephenson, Aburub, & Woods, 2011).
A previous study demonstrated the stabilizing effect produced by increasing vitamin
weight proportion above 10% in AA:PVP solid dispersions (see attached Publication). Similar
trends were observed here for the VPSDs with different vitamin weight proportions. AA VPSDs
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exhibited significantly less (p < 0.01) VitC degradation with increasing vitamin weight proportion
(Figure 4). VPSDs with a different vitamin form, sodium ascorbate (NaAsc), also showed the high
chemical stability at the 50% vitamin formulation with only 2.6% VitC loss after one month being
the most considerable degradation in any of the VPSDs containing 50% vitamin (Figure 5).
However, there was one deviation from the trend of increasing vitamin content in the VPSD
resulting in greater vitamin stability with the NaAsc:CT VPSD. At the 10% vitamin weight
proportion formulation, there was 72.2±0.8% VitC remaining and a significantly greater (p < 0.01)
%VitC remained (83.8±3.5%) at the 2% vitamin weight proportion formulation in the NaAsc:CT
VPSD. A possible explanation is that the type of vitamin polymer interactions may vary with
concentration due to a ‘saturation’ of certain hydrogen bonding sites. This is explored in more
detail in later sections. Overall, VPSDs with very high vitamin weight proportions had a
disposition for stabilizing amorphous VitC from degradation in both AA and NaAsc VPSDs.
3.5.2 Vitamin C Physical Stability in different Vitamin-Polymer Solid Dispersions
Freeze dried AA in the absence of a polymer was crystalline, as evident by the sharp peaks
in the diffractogram (Figure 6). Freeze dried NaAsc was rendered amorphous but quickly
crystallized if exposed to atmospheric moisture. Physical state (amorphous or crystalline) of AA
and NaAsc in VPSDs was determined by presence of or lack of sharp peaks in PXRD
diffractograms. This analysis was sufficient since all pure polymers were stable in the amorphous
state and no vitamin blends were studied in these experiments. An example of a diffractogram for
an amorphous VPSD after freeze drying is provided in Figure 7, and an example of a VPSD with
well-defined peaks exemplifying considerable vitamin recrystallization after one month of storage
at 75%RH and 25°C is provided in Figure 8. Some samples at some time points exhibited the
onset of crystallization, but not complete crystallization determined by the small but recognizable
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peaks above the baseline as shown in the diffractogram in Figure 9 but were still categorized as
crystalline. The physical stability (low crystallization tendency) of amorphous AA in polymer
dispersions at low vitamin weight proportions has been previously demonstrated (see attached
Publication) and the varying ability of polymers to inhibit crystallization of AA has been
documented in a study monitoring AA physical state over a course of 50 days at conditions as high
as 40°C and 75%RH (Christina et al., 2015). In these previous studies, low vitamin weight
proportions displayed long term physical stability, therefore, 50% vitamin weight proportion solid
dispersions were analyzed to differentiate crystallization tendencies among the different VPSDs.
The vitamin physical state for each VPSD was analyzed by PXRD after 1 day, week, and
month of storage at two RH storage conditions (Table 2). The vitamin in all VPSDs was
amorphous after removal from freeze drier (Figure 10). The lower RH storage condition (11%RH)
did not cause any vitamin crystallization in any VPSD even after one month of storage (Figure
11). After storage at 75%RH, however, AA and NaAsc crystallized in several VPSDs (Figure 12).
The effect of moisture induced crystallization in solid dispersions has been investigated in past
studies. The greater crystallization tendencies in higher moisture systems was explained by the
plasticization and greater mobility allowing for the rotational diffusion for the vitamin to
reorientate into the more energetically favorable crystalline physical form (Y. H. Roos & Karel,
1991; Rumondor & Taylor, 2010). Hence, the physical stability differences were revealed at
elevated RH storage conditions.
Physical stability of AA VPSDs followed similar trends to a previous study (Christina et
al., 2015) with crystallization tendency of AA in VPSDs following the order PAA > CT/K > PVP
(Table 2). Crystallization tendencies of NaAsc VPSDs were surprisingly found to be opposite of
AA VSPDs and followed an order of PVP > K > CT/PAA. A mere change of the protonation of
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one site on the ascorbate molecule led to a complete shift in crystallization tendencies in the
presence of different polymers.
Past studies have reported the crystallization tendency of molecules to be dependent upon
the enthalpy of mixing related to the strength of interactions, in this case between vitamin and
polymer (Rumondor & Taylor, 2010; Wegiel et al., 2013; Wegiel et al., 2014)). Past FTIR results
showed that AA physical stability was correlated with degree or strength of hydrogen bonding
between the AA and the respective polymer in VPSDs (Christina et al., 2015). Perhaps the
functional group that most characterizes VitC hydrogen bonding is the C3 hydroxyl which is a
strong hydrogen bond donor, but ascorbate salts have this group deprotonated creating a strong Hbond acceptor instead (Hvoslef, 1968). Considering the different hydrogen bonding capabilities of
the four polymers, it makes sense that the acid and salt vitamin forms would behave so differently
since the C3 protonation state drastically alters VitC’s hydrogen bonding inclinations.
3.5.3 FTIR Peak Shifts in PAA Solid Dispersions
The high physical stability of NaAsc in PAA was thought to be due to the deprotonated C3
hydroxyl that may act as a strong hydrogen bond acceptor which would interact more favorably
with the PAA carboxyl group. Investigation by FTIR demonstrated that AA:PAA lacked any peak
shifts in the carbonyl region with increasing vitamin weight proportions (Figure 13). NaAsc, on
the other hand, exhibited a peak shift to a lower wavenumber with increasing concentrations of
vitamin weight proportion (Figure 14). Peak shifts to lower wavenumbers were taken indicate
greater degree of hydrogen bonding. This provides further evidence that, like AA, NaAsc will
interact greater with polymer matrices that are better at stabilizing the vitamin from crystallization.
The physical stability and degree of hydrogen bonding correlate well, and, henceforth, physical
stability trends are used as indicators of degree of intermolecular interactions.
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3.5.4 Moisture Sorption of Vitamin-Polymer Solid Dispersions and the Effect on Vitamin
Chemical Stability
Hygroscopicity of excipients can largely affect drug stability in solid state drug
formulations (Loftsson, 2014). Vitamin C degradation has been shown to increase with increasing
moisture content and water activity (Kirk et al., 1977; Laing, Schlueter, & Labuza, 1978; Willson,
Beezer, & Mitchell, 1996). This is due to both the plasticization of the system as well as the
increase in water as a hydrolysis reactant. Moisture sorption isotherms of pure polymers, 2% AA
VPSDs, and 10% NaAsc VPSDs (Figures 15-17) demonstrate the differences in moisture uptake
among the polymer types and in the VPSDs. PVP was the most hygroscopic of the polymers which
coincides with the observed vitamin sensitivity in PVP solid dispersions, however, moisture uptake
differences at low %RHs were minimal (0.1-0.3%) while degradation differences were large (2070%). CT and K had nearly identical moisture sorption isotherms yet resulted in significantly
different vitamin degradation profiles in the VPSDs. The influence of hygroscopicity on vitamin
chemical stability can be better distinguished at higher RH storage conditions where moisture
uptake differences are more substantial. Nevertheless, at the storage conditions in this study there
were large differences in vitamin degradation among VPSDs and differences in moisture uptake
do not clearly explain these vitamin stability differences.
Moisture sorption isotherms were also collected for each VPSD at varying vitamin weight
proportions (Figures 18-25). Generally, each VPSD (except AA:PAA) initially exhibited a
decreased total moisture uptake trend as vitamin weight proportion increased until the RH
increased up to a threshold transition point, which varied by polymer type, and resulted in a
conversion in the order of total moisture uptake now with the higher vitamin weight proportion
VPSDs exhibiting greater total moisture uptake. This could just be due to the sorption properties
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of the amorphous vitamin being less hygroscopic than the pure polymers at lower %RHs and more
hygroscopic at higher %RHs. Pure amorphous AA and NaAsc moisture sorption isotherms could
not be obtained due to the high crystallization tendencies of VitC in the absence of a polymer.
Nevertheless at 11%RH, for all polymer types, 50% vitamin wt. proportion samples sorbed a
negligible amount less moisture yet yielded drastically greater chemical stability compared to the
10% vitamin formulations. The largest difference in weight gain (moisture uptake) between a 10%
and 50% VitC wt. proportion was 0.6% and occurred in AA:PVP (Table 3). Although, differences
in moisture content were small, it was peculiar that every VPSD which exhibited significant
degradation (10% AA & NaAsc : CT, K, and PVP) all displayed at least 1% wt. gain at 10%RH
while all VPSDs that did not exhibit significant degradation (10% AA & NaAsc:PAA and all 50%
VitC formulations) displayed a maximum of 0.7% wt. gain. It is possible that a hydration limit
must be reached to allow for sufficient mobility for the vitamin degradation to proceed and that
hydration limit was reached somewhere between 0.7% and 1% wt. gain in moisture. Hiatt et al.
(2010) reported a minimum of 5mmol of water for every mmol of AA initiated significant stability
losses in vitamin C powder formulations. Nonetheless, the lack of differences in moisture uptake
among CT, K, and PVP VPSDs further indicates that hygroscopicity plays a limited role in
determining VitC chemical stability in amorphous VPSDs when stored at low RH conditions.
However, the moisture uptake results may demonstrate a connection with vitamin-polymer
interactions which have been shown to dictate physical stability (Christina et al., 2015) and may
be connected to the chemical stability results. To discern this possible connection, further analysis
on the moisture sorption data was done.
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3.5.5 Relationship between Moisture Sorption Properties and Physical Stability of
Vitamin-Polymer Solid Dispersions
Some of the moisture sorption isotherms showed initial moisture uptake followed by rapid
weight regressions with inflection points occurring at different %RHs. These moisture losses were
interpreted to be a result of vitamin crystallization (Christina et al., 2015; Roudaut, 2008). This
was confirmed with polarized light microscopy analysis of each VPSD after finishing SPS analysis
(from 5-90% RH) (Figures 26-27). Each VPSD showing desorption signs of crystallization in the
moisture sorption curve contained birefringent regions in the microscope pictures (Tables 4-5).
The results corresponded with the PXRD analysis with crystallization occurring only in the 40 and
50% vitamin wt. proportion VPSDs. The VPSDs that showed crystallization at <50% vitamin and
at lower %RHs were also the VPSDs that were determined to be less physically stable during the
storage timeline for PXRD analysis. NaAsc:K (50% VitC) was the only VPSD that crystallized in
the physical stability storage experiment (as monitored by PXRD) but did not display crystallinity
in post-SPS PLM pictures. Unlike AA, NaAsc crystallization did not produce any observed
moisture declines in the VPSD moisture sorption isotherms.
The moisture sorption isotherms of AA:PVP were the only of any VPSD to not have a
‘transition’ point (Figure 20). Instead, the AA:PVP solid dispersions maintained the trend of
decreasing hygroscopicity with increasing vitamin wt. proportion. The other VPSDs exhibited a
transition point at which sorption of the higher vitamin wt. proportion VPSDs increased in sorption
resulting in a complete switch in the order of total moisture uptake by vitamin wt. proportion. For
example, 50% AA:CT (Figure 18) started with the least total moisture uptake until a point prior
to crystallization (~20%RH) where the hygroscopicity increased and total moisture uptake
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surpassed the lower vitamin wt. proportion VPSDs. After crystallization (~65%RH) the total
moisture decreased below the rest of the VPSDs.
The high vitamin proportion possibly leads to a hydrogen bond saturation limit reached
between the vitamin and polymer leading to more vitamin-vitamin interactions and phase
separation which results in less moisture inhibition (greater overall moisture uptake) and
eventually vitamin crystallization as the system is more plasticized and contains more nucleation
sites. To further explain the relationship between the vitamin-polymer interactions and the effects
on the physical and chemical stability that the VPSDs displayed, a moisture deviation parameter
was used, phi (Equation 2).
3.5.6 Moisture Sorption Deviation Parameter (phi) and the Relationship with Vitamin
Stability
Phi (moisture uptake deviation) was calculated to determine the effect the addition a of
vitamin may have had on the respective pure polymers sorption properties. The parameter was also
used as an indicator of degree of vitamin-polymer interactions and to explain the possible
connection with the observed physical stability and chemical stability patterns. An additive
sorption model (or a positive phi) is expected unless there are changes in the polymer or vitamin
affinity for water. A phi value less than or equal to zero was taken to indicate the presence of the
vitamin reduced the moisture uptake by the polymer. Thus, the more negative the phi the greater
the miscibility and propensity for vitamin-polymer interactions. A similar approach was taken for
felodipine drug-polymer systems where the changing interactions with and affinity for water with
changing polymer weight proportions were recognized and an interaction parameter that
considered the moisture sorption profiles of the solid dispersions and the individual components
was developed (Rumondor, Konno, Marsac, & Taylor, 2010). A positive phi does not necessarily
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mean that there is no antagonistic moisture sorption effect induced by the presence of the vitamin
but that it cannot be distinguished since the moisture sorption isotherms of the pure amorphous
vitamin are unavailable. Phi was mostly inspected at low %RHs (<50%) due to physical changes
in some samples at the higher %RHs.
All physical stability PXRD experiments analyzed VPSDs at 50% VitC formulations. It is
important to note that at the 10% w/w vitamin formulations, the vitamin was well-dispersed within
the polymer matrix and the miscibility differences at 50% w/w vitamin are being used as an
indicator of the strength/favorability of vitamin-polymer interactions at the more dilute
formulations. It has already been discussed that AA physical stability has been linked to the degree
of intermolecular interactions between AA and polymers (Christina et al., 2015). Thus, the findings
from the physical stability results indicate that AA:PVP favors intermolecular interactions between
the vitamin and polymer. This was corroborated with the phi data which illustrates AA:PVP as
having the most negative phi value compared to the other AA VPSDs (Figure 28). In fact, the
order of phi directly correlates with the physical stability results further substantiating the causal
relationship that vitamin-polymer interactions have on physical stability. Now that the relationship
between vitamin-polymer interactions has been defined, the question is whether the favorability
of vitamin-polymer interactions affects the chemical stability of VitC and if a relationship exists
between crystallization tendency and vitamin degradation.
A relationship has been identified between physical stability and degree of vitaminpolymer interactions, backed by past FTIR evidence (Christina et al., 2015) and now supplemented
with moisture phi results. In theory, the vitamin-polymer interactions could also be related to the
exhibited chemical stability. Decreased vitamin-polymer interactions result in low miscibility,
more vitamin-vitamin interactions, and phase separation. Decreased miscibility has already been
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associated with increased chemical stability as exemplified in the high chemical stability of the
50% vitamin VPSDs. Specifically, when examining the different AA VPSDs a relationship
becomes apparent between intermolecular interactions, crystallization tendency, and chemical
stability. The chemical stability and crystallization tendency follow the same order (PAA > K >
CT > PVP). The NaAsc VPSDs, however, do not follow this trend. Instead, NaAsc:PAA, which
signifies the most favored vitamin-polymer interactions, demonstrates high chemical stability and
NaAsc:PVP, which signifies the least favored vitamin-polymer interactions, demonstrates the
lowest chemical stability. Furthermore, NaAsc:CT exhibited a unique degradation pattern when
increasing vitamin wt. proportion from 2% to 10% (Figure 4). This was the only VPSD to haven
an increase in vitamin degradation with an increase in vitamin wt. proportion. Another indication
that the extent of vitamin-polymer interactions does not fully explain the vitamin degradation
outcomes. In this VPSD as well as with NaAsc:PAA, the vitamin-polymer interactions appear to
stabilize the vitamin whereas other VPSDs exhibit an adverse effect with increased vitaminpolymer interactions. It appears that the extent of vitamin-polymer interactions has some effect on
the vitamin chemical stability but there is likely some other inherent characteristic of the polymer
types that dictate whether the dispersion of the vitamin will be rendered stable or labile. This could
be related to the hydrogen bonding characteristics of the polymers of which the vitamin is
interacting. PVP, the worst polymer at stabilizing VitC, contains no hydrogen bond donors, and
PAA which sufficiently stabilizes VitC is abundant with strong hydrogen bond donors. The
combination of type of hydrogen bonding and the amount could provide the best explanation for
the observed degradation patterns. For example, the NaAsc-CT degradation increase from 2% to
10% VitC wt. proportion could be explained by a saturation of the carboxyl hydrogen bond donor
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groups. Analyzing which interactions are occurring and which are desirable/undesirable could be
further explored to substantiate this explanation.
3.5.7 Tg and the Effect on Vitamin Chemical Stability
The glass transition temperature (Tg) is an important parameter that has been related to the
chemical stability of small molecules in low moisture and amorphous systems (Yrjö H. Roos &
Drusch, 2016b). The possible effect of molecular mobility hindrance among the VPSDs was
investigated by characterizing the Tgs of some 10% w/w VitC VPSDs (Table 6). The GordonTaylor equation used the previously reported Tg of AA of 40.1°C and a ‘k’ fitting constant of
0.6522 (chapter 2). Thermal analysis of the freeze-dried pectin polymers and pectin solid
dispersions did not yield measurable glass transition events in the thermograms. The molecular
weight heterogeneity of pectin has been previously attributed to the difficulty in measuring Tg
(Christina et al., 2015). Reported Tgs of pectin have ranged from as low as 37°C (Iijima, Nakamura,
Hatakeyama, & Hatakeyama, 2000) to as high as 96°C (Lai, Sung, & Chien, 2000) . Increasing the
vitamin content in the VPSDs to 50% AA led to a measurable glass transition event (T g = 63°C)
and using the previously documented Tg of AA the Tg of CT was predicted to be roughly 98.2°C
(Equation 1) which closely agrees with what Lai et al. reported.
VPSDs formulated with pharmaceutical polymers (PVP and PAA) displayed clear glass
transition events. Tgs of these VPSDs did not indicate any relationship between trends in Tg and
the chemical stability results. Although vitamin C (AA and NaAsc) was least chemically stable in
PVP matrices, the AA and NaAsc:PVP VPSDs exhibited significantly greater Tgs (p < 0.05) as
compared to the AA and NaAsc:PAA VPSDs. Additionally, NaAsc:PVP had a significantly
greater Tg than AA:PVP yet NaAsc was much less chemically stable. It should be noted that all
degradation experiments were conducted at 30°C, well below the dry Tgs.
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The Tg in relation to storage temperature has been proposed to be utilized as a molecular motion
hindrance parameter and the point at which reaction rates become diminished (Yrjö H. Roos &
Drusch, 2016b). In these systems, the greater mobility hindrance in the PVP VPSDs did not
influence degradation kinetics. The threshold at which molecular mobility can limit reaction rates
in these systems may be much lower than the Tg as has been proposed by (Yu, 2001) and others.
The poor correlation of Tg and AA degradation in PVP solid dispersion was presented earlier
(chapter 2). Other researchers have also found a poor correlation in amorphous model PVP systems
between Tg and Tg distance from storage temperature, and kinetics of various chemical reactions
(aspartame degradation, sucrose hydrolysis, and nonenzymatic browning) (Bell & Hageman,
1994; Del Pilar Buera et al., 1995; Lievonen & Roos, 2002). Considering the rapid vitamin C
degradation possible below the Tg, manufactures should be aware that storage below the Tg will
not necessarily limit deleterious reactions, such as vitamin degradation, from occurring.
3.6. Conclusion
Drastic differences in degradation were observed for amorphous vitamin C depending on
formulation: polymers, vitamin acid/salt form, and vitamin concentration in the VPSD. For both
vitamin forms (acid/salt) solid dispersions of PVP exhibited the greatest vitamin degradation and
PAA the least vitamin degradation. Opposite trends were observed for physical stability between
ascorbic acid and sodium ascorbate solid dispersions demonstrating the significant difference a
protonation state change has on crystallization tendencies. Moisture sorption data indicated a poor
connection between hygroscopicity of the solid dispersions and the associated chemical stability;
however, moisture deviation plots (phi) supported the correlation between crystallization
tendencies and vitamin-polymer interactions with more moisture deviation occurring in more
physically stable vitamin polymer solid dispersions. A correlation was observed between
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crystallization tendencies and ascorbic acid degradation indicating that the degree of vitaminpolymer interactions and/or miscibility of the system affects vitamin chemical stability, however,
sodium ascorbate degradation among different polymer matrices did not follow the same pattern
indicating that there is an additional factor influencing the overall chemical stability. PAA solid
dispersions showed lower glass transition temperatures than PVP solid dispersions yet exhibited
greater vitamin degradation; therefore, in accordance to previous results, Tg did not signify stability
of vitamin C in amorphous solid dispersions. Matrix interactions and vitamin form should be
heavily considered during formulation of low moisture amorphous products when vitamin C
degradation is a concern.
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3.7. Tables and Figures
Ascorbic acid (AA)

Sodium ascorbate (NaAsc)

Figure 3.1 Structures of vitamin C acid and salt forms
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Table 3.1 Percent vitamin remaining in different vitamin-polymer solid dispersions and vitamin
weight proportions over time at 11%RH, 30°C storage types for each vitamin form and weight
proportion
VPSD formulation
Vitamin form

Ascorbic acid

Vitamin weight Polymer

Day 30

2%

CT

109.6±1.4Aa

97.3±2.2Ab

84.7±3.7Bc

K

100.2±0.2ABa

72.8±0.2Bb

50.6±1.8Cc

PVP

70.7±6.1Ca

26.7±2.7Cb

20.7±3.8Db

PAA

95.0±0.6Bb

99.3±1.8Aa

100.8±0.3Aa

CT

100.7±0.8Aa

98.6±0.9Aa

93.2±1.7Bb

K

99.7±0.6Aa

91.7±1.8Bb

78.3±0.8Cc

PVP

96.2±1.1Aa

77.4±0.8Cb

69.8±1Dc

PAA

100.9±2.3Aa

101.8±0.1Aa

105.7±0.8Aa

CT

100.9±0.9Aa

97.7±1.7Aa

100.5±1.3ABa

K

102.9±0.3Aa

98.6±0.4Ac

100.9±0.5Ab

PVP

100.6±1.1Aa

95.9±0.5Ab

97.4±1.2Bab

PAA

101.1±0.5Aa

98.8±0.4Ab

102.4±0.3Aa

CT

97.1±N/AAa

95.7±0.7Ba

83.8±3.5Ba

K

101.1±1.3Aa

69.2±0.7Cb

47.8±0.2Cc

PVP

12.9±0.5Ca

1.0±0Db

1.3±0Db

PAA

89.1±0.4Bb

100.7±0.7Aa

104.9±2.2Aa

CT

105.6±1.4Aa

90.1±1.5Bb

72.2±0.8Bc

K

103.2±0.8Aa

76.1±2.3Cb

54.2±1.4Cc

PVP

43.2±3.5Ba

1.9±0.1Db

1.0±0Db

PAA

104.5±1.9Aa

103.7±0.4Aa

98.1±1.4Ab

CT

98.1±1.4Aa

97.0±1Aa

96.9±1.3Aa

K

99.5±0.5Aa

96.5±1Aa

97.8±2.1Aa

PVP

95±2.3Aa

94.5±1.2Aa

95.5±1.3Aa

PAA

94.2±6.5Aa

97±1.5Aa

100.2±2Aa

2%

ascorbate

10%

50%

abcde

Day 7

type

50%

ABCDE

Day 0

proportion

10%

Sodium

Percent vitamin remaining

Represent statistically significant differences (p < 0.01) compared within rows
Represent statistically significant differences (p < 0.01) compared within columns between
polymer
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Figure 3.2 Effect of polymer matrix on the degradation profiles of ascorbic acid in different 10%
vitamin w/w polymer systems at 11%RH and 30°C
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Figure 3.3 Effect of polymer matrix on the degradation profiles of sodium ascorbate in different
10% vitamin w/w polymer systems at 11%RH, 30°C
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Figure 3.4 Effect of vitamin:polymer weight proportion on the stability of AA in different
VPSDs after 1 month at 11%RH and 30°C
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Figure 3.5 Effect of vitamin:polymer weight proportion on the stability of NaAsc in different
VPSDs after 1 month storage at 11%RH, 30°C
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Figure 3.6 PXRD diffractogram of freeze dried crystalline ascorbic acid
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Figure 3.7 PXRD diffractogram of NaAsc:PVP (50% wt. vitamin) after removal from freeze
drier
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Figure 3.8 PXRD diffractogram of AA:CT (50% wt. vitamin) after 1 month of storage at
75%RH, 25°C
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Figure 3.9 PXRD diffractogram of NaAsc:K (50% wt. vitamin) after 1 month of storage at
75%RH, 25°C
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Figure 3.10 PXRD diffractograms of 50% vitamin-polymer solid dispersions directly after
freeze-drying

92
1800

Relative intensity

1600
1400

AA:CT

1200

AA:K

1000

AA:PVP

800

AA:PAA

600

NaAsc:CT

400

NaAsc:K

200

NaAsc:PVP
NaAsc:PAA

0
0

5

10

15

20

25

30

35

40

2Theta

Figure 3.11 PXRD diffractograms of 50% vitamin-polymer solid dispersions after one month of
storage at 11%RH and 25°C
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Figure 3.12 PXRD diffractograms of 50% vitamin-polymer solid dispersions after one month of
storage at 75%RH and 25°C
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Table 3.2 Vitamin C physical state (A=amorphous, C=crystalline) over time in different 50%
vitamin-polymer solid dispersions
Storage conditions
VPSD formulation
Vitamin

Polymer type

11%RH
Day 1

Day 8

75%RH
Day 29

Day 1

Day 8

Day 29

form
Ascorbic

Pectin

A

A

A

A

C

C

acid

Pectin-K

A

A

A

A

C

C

Polyvinylpyrrolidone

A

A

A

A

A

C

Polyacrylic acid

A

A

A

A

C

C

Sodium

Pectin

A

A

A

A

A

A

ascorbate

Pectin-K

A

A

A

A

A

C

Polyvinylpyrrolidone

A

A

A

A

C

C

Polyacrylic acid

A

A

A

A

A

A
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Figure 3.13 Comparison of FTIR spectra for different vitamin weight proportions of
AA:PAA.
No shift is observed in the carbonyl peak with increasing vitamin
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Figure 3.14 Comparison of FTIR spectra for different vitamin weight proportions of
NaAsc:PAA.
Peak shift is observed in the carbonyl region
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Figure 3.15 Moisture sorption isotherms of freeze dried polymers collected at 25°C
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Figure 3.16 Moisture sorption isotherms of 2% ascorbic acid vitamin-polymer lyophilized solid
dispersions collected at 25°C
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Figure 3.17 Moisture sorption isotherms of 10% sodium ascorbate vitamin-polymer lyophilized
solid dispersions collected at 25°C
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Figure 3.18 Moisture sorption isotherms of AA:CT vitamin-polymer lyophilized solid
dispersions collected at 25°C
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Figure 3.19 Moisture sorption isotherms of AA:K vitamin-polymer lyophilized solid dispersions
collected at 25°C
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Figure 3.20 Moisture sorption isotherms of AA:PVP vitamin-polymer lyophilized solid
dispersions collected at 25°C
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Figure 3.21 Moisture sorption isotherms of AA:PAA vitamin-polymer lyophilized solid
dispersions collected at 25°C
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Figure 3.22 Moisture sorption isotherms of NaAsc:CT vitamin-polymer lyophilized solid
dispersions collected at 25°C
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Figure 3.23 Moisture sorption isotherm of NaAsc:K vitamin-polymer lyophilized solid
dispersions collected at 25°C

100

105
100
90
80

% weight change

70
60
50
40
30
20
10
0
0

10

20

30

40

50

60

70

80

90

%RH
PVP

10% NaAsc

20% NaAsc

30% NaAsc

40% NaAsc

50% NaAsc

Figure 3.24 Moisture sorption isotherm of NaAsc:PVP vitamin-polymer lyophilized solid
dispersions collected at 25°C
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Figure 3.25 Moisture sorption isotherm of NaAsc:PAA vitamin-polymer lyophilized solid
dispersions collected at 25°C

Table 3.3 Moisture percent weight gain of VPSDs at 10%RH in SPS analysis at 25°C
VPSD
Percent weight gain
10%

50%

Difference

VitC

VitC

AA:CT

1.1%

0.7%

0.4%

AA:K

1.0%

0.5%

0.5%

AA:PVP

1.1%

0.5%

0.6%

AA:PAA

0.5%

0.5%

0.0%

NaAsc:CT

1.0%

0.6%

0.4%

NaAsc:K

1.1%

0.6%

0.5%

NaAsc:PVP
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Figure 3.26 PLM pictures of ascorbic acid vitamin-polymer solid dispersions, post SPS analysis
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Table 3.4 Effects of polymer type and vitamin weight proportion on the PLM physical
appearance of ascorbic acid vitamin-polymer solid dispersions summary, post SPS analysis
(A=amorphous, C=crystalline)
Polymer type
AA weight proportion
10%

20%

30%

40%

50%

Pectin

A

A

A

A

C

Pectin-K

A

A

A

A

C

Polyvinylpyrrolidone

A

A

A

A

C

Polyacrylic acid

A

A

A

C

C

Table 3.5 Effects of polymer type and vitamin weight proportion on the PLM physical
appearance of sodium ascorbate vitamin-polymer solid dispersions summary, post SPS analysis
(A=amorphous, C=crystalline)
Polymer type
NaAsc weight proportion
10%

20%

30%

40%

50%

Pectin

A

A

A

A

A

Pectin-K

A

A

A

A

A

Polyvinylpyrrolidone

A

A

A

C

C

Polyacrylic acid

A

A

A

A

A
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Figure 3.28 Effect of polymer type on the phi plots of the moisture sorption of 10% ascorbic acid
vitamin-polymer lyophilized solid dispersions at 25°C
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Figure 3.29 Effect of polymer type on the phi plots of the moisture sorption of 10% sodium
ascorbate vitamin-polymer lyophilized solid dispersions at 25°C
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Figure 3.30 Effect of vitamin weight proportion on the phi plots of the moisture sorption of
AA:CT vitamin-polymer lyophilized solid dispersions at 25°C
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Figure 3.31 Effect of vitamin weight proportion on the phi plots of the moisture sorption of
AA:K vitamin-polymer lyophilized solid dispersions at 25°C
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Figure 3.32 Effect of vitamin weight proportion on the phi plots of the moisture sorption of
AA:PVP vitamin-polymer lyophilized solid dispersions at 25°C
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Figure 3.33 Effect of vitamin weight proportion on the phi plots of the moisture sorption of
AA:PAA vitamin-polymer lyophilized solid dispersions at 25°C
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Figure 3.34 Effect of vitamin weight proportion on the phi plots of the moisture sorption of
NaAsc:CT vitamin-polymer lyophilized solid dispersions at 25°C
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Figure 3.35 Effect of vitamin weight proportion on the phi plots of the moisture sorption of
NaAsc:K vitamin-polymer lyophilized solid dispersions at 25°C

116
0.9
0.8

Phi φ (mVPSD - cmpolymer)

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

10

20

30

40

-0.1

50

60

70

80

90

100

%RH
10% NaAsc

20% NaAsc

30% NaAsc

40% NaAsc

50% NaAsc

Figure 3.36 Effect of vitamin weight proportion on the phi plots of the moisture sorption of
NaAsc:PVP vitamin-polymer lyophilized solid dispersions at 25°C
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Figure 3.37 Effect of vitamin weight proportion on the phi plots of the moisture sorption of
NaAsc:PAA vitamin-polymer lyophilized solid dispersions at 25°C
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Table 3.6 Dry onset glass transition temperatures of pure polymers and 10% w/w vitamin
polymer solid dispersions directly after freeze drying
Vitamin polymer solid Onset
glass
dispersion

transition
temperature

PVP

159.5±3.0a

PAA

130±2*

AA:PVP

139.6±0.3c

AA:PAA

108.4±0.3e

NaAsc:PVP

141.9±0.3b

NaAsc:PAA

118.1±0.8d

*Obtained from (Christina, 2014)
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CHAPTER 4.
THE EFFECTS OF VITAMIN-POLYMER
HYDROGEN BONDING ON VITAMIN C CHEMICAL
DEGRADATION

4.1. Abstract
Vitamin C is an essential nutrient and a chemically labile compound found in natural foods
and added as an ingredient to food products. A study and comparison of vitamin C degradation in
model amorphous polymeric matrices has not been used to provide an explanation for the massive
differences in reported vitamin degradation rates in different food and model systems. The
hydrogen bonding between polymer matrices and vitamin C was investigated to determine the
effects on vitamin degradation. Vitamin-polymer solid dispersions were formulated with two
vitamin forms (ascorbic acid and sodium ascorbate) and five polymers (pectin, pectin esterified
with potassium, polyvinylpyrrolidone, polyacrylic acid, and sodium polyacrylate). Prior to
lyophilization, the pH of all formulations was measured. After lyophilization, samples were stored
for one month in three storage conditions (11%, 52%, and 75%RH) and 30°C. HPLC-PDA was
used to determine ascorbic acid and dehydroascorbic acid contents in each vitamin-polymer solid
dispersion over time. Oxidation and hydrolysis of vitamin C was significantly varied in different
polymeric matrices (p < 0.01). Degradation of vitamin C increased with higher RHs.
Dehydroascorbic acid was capably stabilized at 11%RH but was almost entirely unstable at 52%
and 75%RH. Hydrogen bonding was determined a critical factor for chemical stability of vitamin
C in different polymer matrices with strong hydrogen bond donor matrices being the most
stabilizing. Ascorbic acid showed greater capacity to be stabilized by hydrogen bonding than
sodium ascorbate. A greater understanding of the effects of intermolecular interactions on
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chemical reactivity of small molecules solidified in the amorphous state could be applicable to
stabilizing ingredients in food and pharmaceutical formulations.
4.2. Introduction
Vitamin C is a vital nutrient that is essential for proper nutrition and tissue development
(Merck & Co, 1956).

Although naturally present in many foods, crystalline vitamin C is

commonly added to fortified food either in its acid form or as a salt, often sodium ascorbate. The
prevailing issue with vitamin C in foods is its inherent tendency to degrade particularly in storage
or food processing conditions that expose the vitamin to high temperatures, high pH, oxygen, light,
and moisture (Damodaran et al., 2008).
Vitamin C can follow two primary routes of degradation, aerobic or anaerobic. However,
the rate constants of anaerobic degradation reactions are found to be 2-3 orders of magnitude less
than rates constants for aerobic degradation and the pathway is deemed negligible in the timeframe
of quantification in this study (Damodaran et al., 2008; Serpen & Gokmen, 2007; Smuda & Glomb,
2013). Aerobic degradation of AA initiates with deprotonation, forming ascorbate, followed by
oxidation to form a resonance stabilized ascorbyl radical (Figure 1). Loss of a second electron by
either C2 tautomerization or subsequently after C2 deprotonation leads to the formation of
dehydroascorbic acid (Figure 1) (Yasuo Abe, 1986). This ends the first primary rate-limiting
reaction, oxidation. Oxidation of vitamin C to dehydroascorbic acid is reversible and it is readily
reduced in the body after consumption (Damodaran et al., 2008); therefore, stabilization of
dehydroascorbic acid from hydrolysis would be noteworthy for food product quality and nutrition.
The aerobic pathway proceeds by the second rate-limiting reaction, hydrolysis of DHAA. The
hydrolysis of and even the structure of DHAA, particularly in the solid state, is controversial and
has been disputed (Kerber, 2008). However, the tricarbonyl structure is deemed susceptible to
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nucleophilic attack by water at the C1 position (Yasuo Abe, 1986). This opens the lactone ring
structure and forms 2,3-diketogulonic acid which officially terminates ‘vitamin’ activity as this
reaction is the first irreversible reaction in the degradation pathway (Figure 2).
Many studies have been conducted on pure vitamin C degradation in the crystalline and
solution state (Golubitskii et al., 2007; Hiatt et al., 2010; Oey et al., 2006; Yuan & Chen, 1998).
The degradation of vitamin C in food systems such as vegetables and fruit juices has also been
investigated (A. Steskova, 2006; Emese & Peter, 2008; Sapei & Hwa, 2014). Ascorbic acid has
been shown to remain stable for long periods of time in the amorphous physical form when
lyophilized in systems containing polymers at either low vitamin:polymer weight ratios (<50%
vitamin) or low temperature and RH storage conditions (Christina, 2014). The results
demonstrated the importance of studying the degradation of vitamin C in the amorphous state due
to the numerous dehydration processes and food systems that could amorphize and maintain
vitamin C in the amorphous state.
4.3. Objectives
The chemical stability of vitamin C in vitamin-polymer solid dispersions (VPSDs) was
shown to vary with and be affected by polymer matrix, vitamin weight proportion, temperature,
and vitamin form and ratio (acid/salt) (Chapters 2 and 3 and attached Publication). It was
hypothesized that the level of miscibility and the level of vitamin-polymer hydrogen bonding could
cause different abilities of polymers to stabilize the vitamin from degradation. Based on the results
in chapter 3, if noncovalent intermolecular interactions were indeed affecting degradation rates,
then increased vitamin-polymer interactions resulted in lower stability for ascorbic acid (AA) and
greater stability for sodium ascorbate (NaAsc). The differences in the types of interactions between
AA/NaAsc and the polymers were proposed as the explanation for this. To further investigate the
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potential hydrogen bonding effect on vitamin C degradation, this chapter presents vitamin
degradation data including dehydroascorbic acid (DHAA), the primary oxidative degradation
product, to distinguish between the amount of vitamin oxidized and hydrolyzed in different
VPSDs. The structural differences and hydrogen bonding capabilities are considered as well as the
pH of the prelyophilization solution of each VPSD, which dictates the ratio of unionized/ionized
vitamin. A supplementary polymer, sodium polyacrylate, was also added to help distinguish the
effects of hydrogen bonding on vitamin chemical stability.
4.4. Materials and Methods
4.4.1 Materials
L-ascorbic acid (AA) and four polymers including: pectin from citrus peel (CT), potassium
salt esterified pectin from citrus (K, potassium =4.1-6.4%), polyacrylic acid (PAA, MW
~450,000), and polyacrylic acid sodium salt (NaPAA, MW ~5,100) were obtained from Sigma Aldrich Inc (St. Louis, MO). L-ascorbic acid sodium salt (NaAsc) was obtained from Acros
Organics (NJ). Polyvinylpyrrolidone (PVP, MW ~40,000) was obtained from Fisher Scientific
(Waltham, MA). Salts and saturated salt solutions were used to control desiccator environments at
specific relative humidities (RHs). Anhydrous calcium sulfate mixed with cobalt(II) chloride as a
color indicator and branded as DrieriteTM (1-2% RH) was obtained from W.A. Hammond Drierite
Company, LTD (Xenia, OH). Anhydrous lithium chloride (11% RH) was obtained from EMD
Millipore (Billerica, MA). Sodium chloride (75% RH) and magnesium nitrate hexahydrate (52%
RH) were obtained from Sigma - Aldrich Inc. For making mobile phase for HPLC, trifluoroacetic
acid (TFA) was obtained from Sigma- Aldrich Inc. Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) was used as a reducing agent in HPLC analysis and was purchased from Fisher Scientific.
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Water was purified with a Barnstead™ E-Pure™ ultrapure water purification system
(ThermoScientific, Waltham, MA) containing a final filtration size of 0.2 µm and yielding Type I
water with resistivity of 18.2 (MΩ·cm).
4.4.2 Sample Preparation
Vitamin-polymer solid dispersions (VPSDs) were originally formulated from 1% weight
solids in solution prior to lyophilization by measuring 0.05 g total solids into 5 mL of water.
VPSDs of 10% vitamin weight proportion were formulated by directly weighing 0.045 g of
polymer into 20 mL glass scintillation vials and solubilizing by adding 4.9 mL of water capping
and vortexing. Then a separate vitamin stock solution (0.05 g/mL) was prepared and 0.1 mL was
pipetted to each vial and vortexed again. After fully solubilizing (made evident by lack of
precipitate and transparent solution), samples were then uncapped and placed along with their
respective upturned caps onto a shelf and placed into a VirTis Genesis 25ES (SPScientfic, Stone
Ridge, N) shelf freeze drier. To achieve proper lyophilization samples first underwent a freezing
step (-40°C and 330 mTorr for 240 minutes) followed by 9 stepwise increasing temperature holds
at 300 mTorr for 300 minutes each from -25°C to 20°C in 5°C temperature increments. Finally,
the freeze-drying process concluded with a post-heat step at 30°C, 300 mTorr for 120 minutes.
After removal from the freeze dryer, the 20 mL scintillation vials were either immediately capped
and then analyzed or transferred to the respective storage environments.
4.4.3 Sample Storage
Vitamin degradation was tracked by analyzing total vitamin remaining and DHAA content
directly after freeze drying (day 0) and after storage for 1 month at 11%, 52%, and 75% RH in
desiccators placed in water jacketed incubators (Forma Scientific, Inc., Marietta, OH) set to 30°C.
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4.4.4 High Performance Liquid Chromatography (HPLC)
Vitamin content was quantified over time with a Waters 2690SM HPLC (Waters Corp.,
Milford, MA) utilizing an XTerra reverse-phase C18 column (Waters Corp.) with a Waters 2996
photodiode array (PDA) detector (Waters Corp.). Elution was isocratic (Tr=2.3 minutes) with a
flow rate of 1 mL/min and utilized an aqueous mobile phase of 0.05% trifluoroacetic acid. Peak
area absorbance was obtained at a detection wavelength of 244 nm. Standard curves (r2 > 0.99)
were prepared each day of analysis by quantifying aqueous ascorbic acid and sodium ascorbate
solutions at 6 concentrations ranging from 0.025 mg/mL to 0.375 mg/mL. Lyophilized samples
were reconstituted with 15 mL of mobile phase rendering a maximum vitamin C concentration
(100% vitamin) of 0.333 mg/mL. All standards and samples were filtered through 0.2 µm syringes.
Samples were analyzed in triplicate.
Dehydroascorbic acid content (DHAA) was determined by transferring 5 mL of
reconstituted lyophile sample solution to a separate vial and adding a reducing agent, tris(2carboxyethyl)phosphine hydrochloride (TCEP). Reduced samples were capped, vortexed, and
quantified for vitamin content using the HPLC protocol described above. DHAA content was
calculated by subtracting the reduced vitamin content from the non-reduced vitamin content.
Samples were analyzed in triplicate.
4.4.5 pH
Prelyophilization pH values were collected for each VPSD solution with an Orion Model
SA720 pH meter equipped with an Orion 9157BN Triode pH/ATC probe (Fisher Scientific,
Waltham, MA). The pH meter was calibrated with Fisher Chemical buffer standards (Fisher
Scientific). Triplicate samples were analyzed for each VPSD.
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4.4.6 Statistical Analysis
Vitamin percent remaining data was presented as mean ± standard deviation. ANOVA
models were used for statistical analyses and significant differences were determined using Tukey
multiple comparisons with α = 0.01 for vitamin percent remaining. All statistical analyses were
conducted using PC SAS 9.4 (SAS Institute Inc., Cary, NC).
4.5. Results and Discussion
4.5.1 Physical State
VPSDs of the polymer types CT, K, PVP, and PAA were confirmed PXRD amorphous at
50% vitamin weight proportion after freeze drying and remained amorphous after one month of
storage at 11%RH. Higher RH (75%) caused vitamin crystallization after 1 week for half of the
VPSDs (chapter 3). Considering the systems contained 5x the amount of vitamin and no signs of
crystallization were observed in moisture sorption isotherms for any VPSD containing less than
40% vitamin, 10% w/w vitamin samples were believed to be physically stable at the storage
conditions and over the time course of this study (chapter 3). Additionally, preliminary
investigations where 10% AA:K and 10% AA:PAA (two of the least physically stable VPSDs at
50% vitamin weight proportion) were stored in 75%RH for several months and did not show signs
of any crystallization via PLM provided evidence for the robust amorphous stability of 10%
vitamin VPSDs. AA and NaAsc:NaPAA VPSDs were not analyzed for physical state. The
appearance of the samples after freeze drying showed physical collapse. This was taken into
consideration with the analysis of the vitamin loss results.
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4.5.2 Vitamin Oxidation
The amount of vitamin C that had not undergone at least the first step of degradation
(oxidation into DHAA) after one month of storage at 30°C and 3 RHs (11%, 52%, 75%) was
expressed as percent vitamin remaining (Table 1). The storage RH significantly affected vitamin
stability; vitamin C oxidation was accelerated when VPSDs were stored in higher RH storage
conditions. Even PAA systems showed considerable vitamin oxidation despite illustrating long
term stabilization of vitamin C at 11%RH. After one month storage at 52%RH, PAA retained 79%
AA and 75% NaAsc. The effect of increasing moisture on VitC degradation has been documented
in the past (Hiatt et al., 2011; Hiatt et al., 2010; Lee & Labuza, 1975; Lipasek, Taylor, & Mauer,
2011). Increasing RH storage did not always accelerate oxidation; K systems exhibited less
oxidation at 75%RH as compared to 52%RH with 55% AA and 24% NaAsc remaining at 52%RH
then 67% AA and 35% NaAsc remaining at 75%RH. Studies on reactions kinetics in food systems
as a function of aw have shown that reactions will have unique patterns as a function of aw with
individual critical RHs. AA degradation studied in a model system composed of soy flour, ground
beef, sucrose, propylene glycol, and lard was found to change and follow zero-order reaction
kinetics at higher aws instead of first-order. The researchers concluded that AA degradation is
reliant upon oxygen content and availability which is dependent on moisture content. It is possible
that the oxygen availability in the AA and NaAsc:K systems decreased at 75%RH.
Comparing within the same polymeric matrix, significant differences were found between
samples formulated with AA and NaAsc. NaAsc was almost always less stable than AA but the
differences in degradation between the two vitamin forms varied in different polymeric matrices.
The largest discrepancy in chemical oxidation was in PVP where 70% AA was retained and only
2% NaAsc was retained after one month at 11%RH and 30°C. In PAA, on the other hand, %AA
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and %NaAsc remaining were not significantly different (p > 0.01) after storage in 52%RH for one
month. This shows that the consequence of using the salt form of vitamin C over the acid form is
dependent upon the matrix in which it is formulated and the storage conditions.
The polymer matrix significantly affected the vitamin oxidation. The trend of vitamin
oxidation as a function of polymer matrix was the same as what was found in chapter 3, PAA >
CT > K > PVP. This trend stayed relatively consistent with increasing RH except for the one
anomaly of the unexpected greater stability of vitamin in K polymer matrices at 75%RH as
compared to in PAA polymer matrices (Table 1, at 75%RH K exhibited %AA remaining and PAA
had %AA remaining). Not only did the stability of the vitamin increase by increasing storage RH
from 52% to 75% in K polymer matrices but they also exhibited greater stability than VitC:PAA
VPSDs. The vitamin was not expected to crystallize in either K or PAA VPSDs at 75% RH,
although, crystallization in K would explain the enhanced vitamin stability since crystalline VitC
is chemically stable below the deliquescence point (Christina et al., 2015; Hiatt et al., 2011; Hiatt
et al., 2010; Jutkus, Li, Taylor, & Mauer, 2015). It is also possible that differences in vitamin
dissolution and solution mediated oxidation between the VPSDs is responsible for the vitamin
stability differences.
4.5.3 Dehydroascorbic Acid Hydrolysis
DHAA was quantified to determine its level of stability in amorphous polymer matrices
since it still possesses vitamin activity. If the quantified % vitamin remaining and DHAA content
yield 100, then degradation had not proceeded past the initial vitamin oxidation and not vitamin
‘activity’ was truly lost in the system. Since the DHAA content did not equal the amount of vitamin
lost for all VPSDs it was evident that a certain amount of the oxidized vitamin (DHAA) had been
hydrolyzed. Since the amount of oxidized vitamin and DHAA content varied by VPSD, %DHAA
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retained was presented to show how much of the DHAA (that was formed in the respective VPSD)
had not yet been hydrolyzed.
DHAA content varied by different formulations of vitamin and polymer with generally
greater DHAA content in samples with more total original vitamin loss (or total oxidized vitamin).
The amount of DHAA was compared to the amount of total vitamin loss for each VPSD (Table 1
and Figure 3). AA:CT stored at 11%RH had 8% total vitamin loss and contained 8% DHAA; in
other words, all the oxidized vitamin was stabilized in the oxidized form and had yet to undergo
hydrolysis. AA:K had 23% total vitamin loss and 14% DHAA, meaning that roughly 60% of the
oxidized vitamin was retained as DHAA. About 64% of the oxidized vitamin was retained as
DHAA in AA:PVP. Because none of the vitamin in AA:PAA was oxidized, it is not apparent what
stabilization effect PAA may have on DHAA. Regardless, it seems that the polymers had similar
stabilization effects on DHAA hydrolysis as they did on vitamin oxidation (PAA/CT > K > PVP).
At 11%RH storage and for all VPSDs that exhibited significant vitamin oxidation, DHAA was
retained worse in VPSDs formulated with NaAsc. For example, CT VPSDs retained 100% DHAA
from the AA formulation and retained 64% DHAA from the NaAsc formulation.
After one month storage at 11%RH and 30°C it was surprising to observe how much
DHAA was retained (Figure 3). The VPSDs that exhibited intermediate vitamin oxidation (6477% VitC remaining) retained about half of the DHAA (45-64% DHAA retained) (Table 1). The
higher RH storage conditions (52%RH and 75%RH) thoroughly rendered DHAA chemically
unstable. Based on table 1, at 52%RH and 75%RH, DHAA content decreases to <5% for all
VPSDs (except AA:PVP stored at 52%RH), despite total degradation ranging from 0% to 82%
VitC remaining. The greater sensitivity demonstrated by DHAA at intermediate to high RHs
effectively makes oxidation the true rate-limiting reaction of VitC degradation. It is widely known
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that DHAA is very susceptible to hydrolysis in solution so more rapid DHAA hydrolysis was
expected at the higher RH environments (Damodaran et al., 2008; Yuan & Chen, 1998). At low
storage RHs, however, DHAA may be a viable active form of vitamin C in low moisture food
products.
4.5.4 Effect of Hydrogen Bonding on Vitamin Oxidation
In chapter 3, polymer stabilization effects on vitamin crystallization were opposite for AA
and NaAsc. Since the only difference in the structures of the vitamin forms was the ionization of
the C3 hydroxyl, it was concluded that the polymers with greater/stronger hydrogen bonding
acceptor groups could inhibit AA crystallization with the AA C3 hydroxyl acting as the primary
hydrogen bond donor and vice versa with sodium ascorbate (Figure 4); polymers with
greater/stronger hydrogen bonding donor groups could inhibit crystallization with the C3 ionized
oxygen acting as the primary hydrogen bond acceptor.
It was observed that polymers with greater ability to act as hydrogen bond donors to
ascorbate (deprotonated C3) thrived at stabilizing the vitamin from oxidation. PAA, which was
most abundant in carboxyl groups and strong hydrogen bond donors (Figure 5), retained more
than 95% AA and NaAsc after one month storage at 11%RH and 30°C. PVP, which contained no
hydrogen bond donors (Figure 6), was the worst polymer at stabilizing VitC from oxidation and
the discrepancy between the AA and NaAsc was also the greatest in PVP VPSDs with 70% AA
remaining and only 2% NaAsc remaining after one month at 11%RH and 30°C. Since AA is
deprotonated prior to oxidation, AA is stabilized by both C3 hydrogen bond donors and acceptors,
meaning NaAsc stability is at best as good as AA. Since PVP contains strong hydrogen bond
acceptors but no acceptors, AA was far better stabilized than NaAsc. When a polymer does not
preferentially interact with AA, however, we observed similar oxidation for both vitamin forms as
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is seen with PAA which did not yield significantly different vitamin loss between AA and NaAsc
after one month at 52%RH (p > 0.01).
Vitamin stability in the VPSDs containing pectin polymers (CT and K) followed a similar
pattern. K has the same structure as CT except for also containing potassium ester monomer
(Figure 7). The potassium esterification ionizes the strongest hydrogen bond donor of the structure
and effectively renders it a strong hydrogen bond acceptor. As expected CT acted as a better
stabilizing polymer for both vitamin forms than did K. Sodium polyacrylate (NaPAA) was added
as a supplementary polymer type to this study because it has two strong hydrogen bond acceptors
and no hydrogen bond donors, contrary to the acid form of the polymer (PAA). PAA had shown
great ability to stabilize vitamin C and this was theorized to be due to the number and strength of
acidic carboxyl groups (hydrogen bond donors); thus NaPAA, which has these groups ionized,
was theorized to exhibit far worse vitamin stability providing further evidence to the hydrogen
bonding stabilization theory. The NaPAA systems, however, also displayed highly stabilized
vitamin with 99.5% AA and 95.9% NaAsc remaining after 1 month storage at 11%RH and 30°C
(Table 1). NaAsc:NaPAA, in particular, was expected to show excessive VitC oxidation due to
the lack of C3 hydrogen bonding. The observed high VitC stability was likely a result of vitamin
crystallization during or directly after freeze drying. Vitamin in all other VPSDs was confirmed
stable in the amorphous state in the previous study (chapter 3), but the NaPAA systems collapsed
indicating insufficient cooling and water removal and greater mobility which often leads to
crystallization (Adhikari & Bhandari, 2008). Crystalline vitamin C has been demonstrated to be
very stable below its deliquescence point in previous studies (Christina, 2014; Hiatt et al., 2011;
Sanchez, 2016).
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The intermolecular interactions of molecules facilitating/inhibiting chemical reactivity is
not a new concept. Molecules in the solid state have been found to preferentially react and degrade
in the solid state due to certain molecular orientations and intermolecular interactions.
Dimethylaminobenzenesulfonate is an example of a molecule where rearrangement proceeds at a
much faster a rate in the crystalline form rather than as a melt or in solution due to the solid being
“nearly ideally oriented for reaction in the solid state” (Sukenik et al., 1977). Under the same
concept, intermolecular interactions could orientate away and possibly stabilize small molecules
from oxidation and hydrolysis.
4.5.5 Effect of Hydrogen Bonding on DHAA Hydrolysis
The possible interactions of DHAA with the polymer matrices and the resulting effects on
the DHAA stability was difficult to distinguish. Percent DHAA retained after the 11%RH storage
condition roughly followed the same trends as percent vitamin retained (PAA > CT > K > PVP).
If the tricarbonyl structure of DHAA (Figure 2) is considered, then it makes sense that the
polymers with more hydrogen bond donors would better interact with DHAA and perhaps detract
the nucleophilic attack of water. Any interactions with the DHAA carbonyls would at least position
the molecule away from the most susceptible orientation.
4.5.6 Effect of pH on Vitamin C Chemical Stability
Chapter 2 demonstrated the correlation between VitC degradation and pH or acid/salt ratio.
The results showed that increasing pH and salt weight ratio increased degradation in amorphous
PVP solid dispersions. In this study the pH of the different VPSDs was considered to determine if
the polymer matrices’ ability to stabilize was based on the acidity of the polymer. The pH did not
correlate with the vitamin degradation (Table 2). However, similar to the observations in chapter
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2, when comparing between the same polymer matrix the pH indicated the less stable VPSD (i.e.
AA or NaAsc). This is because pH correlates with the ratio of ionized to unionized vitamin which
affects vitamin chemical stability (Damodaran et al., 2008). However, as mentioned earlier,
polymers that only stabilize ascorbate will not show differences in vitamin degradation based on
the vitamin form (e.g. PAA), and so pH cannot be used to assess vitamin chemical stability among
different formulations or matrices but rather to indicate the level of ionization that the vitamin
form will equilibrate to. Since the polymer matrix effects take precedent over vitamin form,
overall, pH is deemed a poor indicator of vitamin C stability in amorphous polymer solid
dispersions.
4.6. Conclusions
Oxidation and hydrolysis of vitamin C was dramatically influenced by the polymeric matrix.
Oxidation of vitamin C increased with higher RHs except for one system (AA:K) that retained
more vitamin by increasing RH from 52% to 75%. DHAA was moderately stabilized by polymeric
matrices when stored at low RH (11%) and was rendered completely labile at intermediate and
higher RH storage conditions. DHAA content should be considered as an additional viable active
form of vitamin C. When measuring vitamin C content for low moisture food systems that are
protected from atmospheric moisture, a reduction procedure should be involved to include DHAA
as a potentially stabilized additional active vitamin form.
Polymers with greater ability to act as hydrogen bond donors best stabilized vitamin C from
oxidation. Polymers only capable of hydrogen bond acceptance only helped stabilize AA (not
NaAsc) from oxidation. The ability for matrices to hydrogen bond should be considered as a
possible stabilizing factor when assessing shelf-life and formulating with labile ingredients in food
and pharmaceutical applications. The acid form of vitamin C was always at least as stabilized as
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the sodium salt and sometimes far better stabilized. Prelyophilization pH was an indicator for the
vitamin level of ionization and correlated with vitamin formulation (acid or salt). Polymers that
hydrogen bonded and stabilized sodium ascorbate demonstrated similar chemical stability for both
vitamin forms. The polymeric matrix stabilization effect took precedent over vitamin degree of
ionization or the choice of vitamin form (acid or salt). This study proposes that strongly favorable
hydrogen bonding between a chemically labile small molecule and polymeric matrix in a miscible
amorphous solid dispersion can dictate the resulting chemical stability and that inter-matrix
hydrogen bonding should be considered as a major factor when determining reaction kinetics in
amorphous systems.
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4.7. Tables and Figures

Figure 4.1 Oxidation of ascorbate to dehydroascorbic acid
*Adapted from (Yasuo Abe, 1986)

Figure 4.2 Hydrolysis of dehydroascorbic acid to 2,3-diketogulonic acid
*Adapted from (Damodaran et al., 2008)

75%RH
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Table 4.1 Vitamin C chemical stability in vitamin-polymer solid dispersions after 1 month storage at 30°C and the identified RH
52%RH

Percent vitamin Percent

11% RH

Percent

DHAA

Percent

N/A

Percent

N/A

0.6±0.0a

Percent

20%

67.4±0.6a

N/A

Percent

3.4±0.4a

9%

N/A

0.3±0.2a

Percent

82.1±1.9a

4.2±0.2a

30%

48.4±0.9b

N/A

Vitamin Polymer

100%

54.9±0.9d

28.5±2.4b

5%

N/A

N/A

remaining

8.1±0.1e
61%

4.1±0.1f

1.0±2.5a

N/A

N/A

0.3±0.6a

DHAA

92.1±0.4c
13.8±0.2d
64%

79.1±2.5ab

N/A

10%

35.3±0.3c

N/A

DHAA

CT
77.2±0.2d
19.0±1.5b
100%

N/A

3.7±0a

6%

N/A

0.0±0.1a

vitamin

K
70.2±0.3e
4.6±0.8f
100%

62.0±0.9c

4.2±0a

3%

35.6±2.4c

N/A

DHAA

PVP
95.6±1.3b
2.1±0.1g

64%

23.5±0.9e

2.8±0.2a

2%

N/A

DHAA

PAA
99.5±0.4a
16.0±0.6c

45%

0.1±0.1f

0.5±0.1a

N/A

vitamin

NaPAA
74.8±1.1d
16.3±0.3bc

25%

75.1±0.2b

N/A

retained

CT
63.6±0.2f
24.5±0.2a

100%

N/A

remaining

K
2.1±0.1g

1.6±0.3g

100%

retained

PVP
99.7±0.5a

4.1±0.3f

Represent statistically significant differences (p < 0.01) compared within rows

remaining

PAA
95.9±0.2b

form

AA

NaAsc

NaPAA
abcde
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Figure 4.3 Reduction in % vitamin C (from starting 100%) and generation of dehydroascorbic
acid in different vitamin-polymer solid dispersions after 1 month storage at 11%RH, 30°C

Figure 4.4 Ascorbic acid and ascorbate ion. Circled is C3 hydroxyl, primary hydrogen bonding
site and primary site of oxidation reaction.

Figure 4.5 Monomeric structure of polyacrylic acid. The carboxyl group acts as a hydrogen bond
acceptor and strong hydrogen bond donor
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Figure 4.6 Monomeric structure of polyvinylpyrrolidone. The carbonyl acts as a strong hydrogen
bond acceptor

Figure 4.7 Pectin monomers a.) pectin methyl ester b.) galacturonic acid c.) pectin esterified with
potassium. Only the de-esterified galacturonic acid contains the carboxyl group and strong
hydrogen bond donor.
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Table 4.2 Prelyophilization pH measurements of VPSDs at 10% weight solids
Vitamin form
Polymer
pH

AA

NaAsc

CT

3.53±0.03e

K

3.95±0.01d

PVP

3.33±0.05f

PAA

2.80±0.02g

CT

4.14±0.05c

K

4.6±0.1b

PVP

5.27±0.04a

PAA

3.55±0.05e
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CHAPTER 5.

SUMMARY AND CONCLUSIONS

Chemical reactivity tends to be much greater in the amorphous solid state compared to the
crystalline state. The research provided in this record documented the chemical stability of
ascorbic acid and sodium ascorbate in different amorphous polymeric matrices in relation to some
physical properties of the systems. Several factors were identified to significantly contribute to the
chemical stability of vitamin C including storage RH and temperature. Degradation differences
were observed between vitamin-polymer solid dispersions formulated with different vitamin forms
(acid or salt). The three factors identified that contributed to the resulting stability differences in
this case were the inherent ionized state of the sodium salt of vitamin C, pH, and vitamin-polymer
hydrogen bonding. Differences were observed in vitamin chemical stability among different
vitamin weight proportion formulations. However, the vitamin stability was most affected by the
polymeric matrix in which the vitamin was dispersed. The factors that were best able to describe
these degradation differences were: degree of vitamin-polymer interactions and hydrogen bonding
capabilities of the polymers.
Some applicable conclusions could be made from the produced results. When formulating low
moisture or dehydrated products containing vitamin C, certain considerations should be made.
Ascorbic acid is generally the more chemically stable ingredient and is a preferential selection over
a salt form of vitamin C. Matrix interactions can play a significant role in the final vitamin stability
and addition of certain ingredients that can participate in hydrogen bonding (such as sugars and
organic acids) may help stabilize the vitamin. Using the Tg as a storage parameter below which
vitamin is expected to be diffusion limited is not acceptable; products must be stored a certain
number of degrees below the Tg before mobility hindrance substantially inhibits vitamin oxidation.
Low moisture products that are protected from atmospheric moisture may adequately stabilize a
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portion of any oxidized vitamin. Shelf life studies for these products should consider the amount
of vitamin activity possibly present, in the form of stabilized dehydroascorbic acid, that would
otherwise have been neglected. Amorphous solids are especially effective at sorbing atmospheric
moisture and products unprotected from atmospheric moisture can experience chemical and
physical stability issues with amorphous vitamin C.
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